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PREFACE 


This volume is one of a series designed to provide the engineer and 
the student with a reference work covering thoroughly the design and 
construction of the principal kinds and types of modern civil engineering 
structures. An effort has been made to give such a complete treatment 
of the elementary theory that the books may also be used for home 
study. 

The titles of the six volumes comprising this series are as follows: 
Foundations, Abutments and Footings 
Structural Members and Connections 
Stresses in Framed Structures 
Steel and Timber Structures 
Reinforced Concrete and Masonry Structures 
Movable and Long-span Steel Bridges 
Each volume is a unit in itself, as references are not made from one 
volume to another by section and article numbers. This arrangement 
allows the use of any one of the volumes as a text in schools and coUeges 
without the use of any of the other volumes. 

Data and details have been collected from many sources and credit 
is given in the body of the books for all material so obtained. A few 
chapters, however, throughout the six volumes have been taken without 
special mention, and with but few changes, from Hool and Johnson’s 
Handbook of Building Construction. 

The Editors-in-Chief wish to express their appreciation of the spirit 
of cooperation shown by the Associate Editors and the Publishers. This 
spirit of cooperation has made the task of the Editors-in-Chief one of 
pleasure and satisfaction. 

G. A. H. 

W. S. K. 

Madison, Wi& 

May, 1923 . 
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REINFORCED CONCRETE 
AND MASONRY STRUCTURES 


SECTION 1 

PREPARATION AND PLACING OF CONCRETE 

PREPARATION OF CONCRETE 

By G. M. Williams 

1. The Problem. — It is the problem of the field engineer to produce concrete 
of the quality specified and assumed in design with available materials. Gener- 
ally some definite compressive strength value must be attained, but in some 
cases the qualities of watertightness or resistance to abrasion and wear are of 
first importance. Present knowledge does not permit a definite statement 
regarding the relation of the important factors — ^namely; Compressive strength, 
watertightness and resistance to wear — but most available data indicate that in 
general the two latter qualities increase as strength increases, considering 
concrete made of materials from the swnc source of supply. 

In practice definite compressive strength values are assumed in design, and pro- 
portions of cement and aggregate are often specified regardless of whether concrete 
of the assumed quality can be attained with the materials available. Such a pro- 
cedure will in many localities result in a concrete having not more than 25 to 50 
per cent of the specified strength, but owing to lack of inspection and tests of field 
concrete this condition is not generally known. For example, it is commonly 
assumed that a concrete composed of one part cement, two parts fine aggregate and 
four parts coarse aggregate will have a compressive strength of 2,000 lb. per sq. 
in. at 28 days and a safe working stress of 650 lb. per sq. in. is permitted in 
design. With given materials this value may be exceeded in the laboratory where 
comparatively dry consistencies are employed, but in the field where wetter 
consistencies must be used the strength may not exceed 1,000 lb. per sq. in. 
Too often the quality of cement and aggregate is specified in great detail, 
sometimes barring the use of available materials, while no attention is given to 
verifying the quality of the concrete actually placed. 

ftoduction of concrete of definite quality can be assured only by a proper 
method of inspection and tests. No rules can be stated which will result in 
concrete of definite quality for the various types and grades of aggregates 
and qualities of cement which may be encountered. Their concrete^making 
qualities can be determined only by compressive strength tests of concrete in 

1 
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which the particular cement and aggregate are used. Experience with material of 
any particular type will permit of fairly close estimates to be made of the value of 
aggregates of the same type and characteristics from other sources, but on work 
of importance judgment should be verified by the results of tests. In general 
each locality has its own problem and the efficient use of available material is 
dependent upon a knowledge of the characteristics of the material as indicated 
by tests of mortars and concretes. 

2. Concrete Materials. ^ 

2a. Cement. — On all work of importance the cement should meet 
the specification requirements for Portland cement as drawn up by the American 
Society for Testing Materials. It is not sufficient to specify cement^ by some 
brand name which has been found satisfactory on previous work, but each lot or 
shipment should be tested to insure that it complies with the specification. 
All well-established mills are able to produce cement which fully meets the speci- 
fication requirements, and likewise all mills may occasionally turn out an 
inferior product for short periods. It is for the purpose of detecting such 
occasional inferior lots that a systematic system of inspection and testing should 
be employed. 

Cement is the one strength furnishing material in a mortar or concrete. 
Strength is affected by the ph3^sical properties of the aggregate and processes 
employed, but cement is the essential component in the mass. Neat cement in 
compression is generally weaker than the individual particles of the aggregate. 
Contrary to common understanding, aggregate is not emploj^ed to strengthen 
concrete, but onl^' for puri)oses of economy and in a small percentage of cases for 
added resistance to abrasion. Any addition of aggregate to neat cement reduces 
both compressive strength and watcrtightno.ss. Cement usually costs from eight 
to ten times as much as aggregate per unit volume and tlie addition of the latter 
reduces cost and results in a material which still retains requisite strength for 
structural purposes. Regrading and special treatments of aggregate, keeping 
the cement content constant, may in some cases be a means of slightly increasing 
compressive strength, hut in general strength can be most economically increased, 
when required, by an increase in cement content. 

The tendency of Portland cement to deteriorate when stored under usual 
conditions for a considerable period of time, or under abnormal conditions for only 
a vshort period, requires that proper consideration be given to storage conditions. 
Cement protected from the moisture and carbon dioxide of the air may be kept 
indefinitely without loss of strength, but exposure in the usual type of storage 
sheds for only a few months, may, depending upon climatic conditions, result 
in strength reductions of 50 per cent or more when used in a concrete. Shipments 
received direct from the mill and used within a few weeks will require no attention 
in this respect but cement packed in bags which may be held over from one 
construction season to the next should be re-tested before use. The usual 
routine physical tests of^the cement laboratory do not fully indicate the reduction 
of a cement's concrete making qualities and such tests should preferably be 
made on the concrete where facilities are available. Cements which have 
deteriorated due tp storage conditions will usually have an appreciable higher 
*'loss on ignition which may in some cases be used as a criterion of the amount 
of deterioration. * Concretes in which old storage cements are used are very slow 
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hardening and of inferior ultimate strength and where exposed to severe climatic 
conditions, abrasion or water velocities arc likely to rc(iuirc early replacement 
or extensive repairs. To attain the specified strength with such cements it is 
customary to increase the propcil'tion of cement in the mix, but it has not been 
well established by tests that the abrasive and watertight qualities are improved 
jiroportionally. 

26. Aggregates. — (1) Types and Their Characteristics . — ^Aggregates are 
clieraieally inert, volume constant materials used with cement and water to pro- 
duce mortar and concrete. They serve as adulterants or extenders with neat 
cement to reduce cost. The (juantity of aggregate which may be mixed with a given 
amount cement is mainly dependent upon the compressive strength required 
and varies somewhat witli the physical characteristics of the particular aggregate 
used. It is desirable that the aggregate particles liave a higher compressive 
strcngtli than the concrete although this is not essential in rich mixtures high 
in cement content. Most types of material used as aggregates easily meet this 
requirement. The qualities of hardness and toughness are required in aggregates 
wliicli will be exposed to abrasion and we^r. Materials such as shale, which 
expands and disintegrates when saturated, and sandstone which may contain a 
binder, w(;ak and easily disintegrated by exposure to moisture, should be avoided. 

Aggregates in common use arc of several types — such as river or bank gravel, 
crushed limestone, granite or trap and blast furnace slag. The gravels usually 
contain varying percentages of silicious and calcareous material together with 
small (quantities of clay, loam, and organic impurities wlii(ih may necessitate 
removal before use in concrete. Where available, gravel is the most economical 
material but in many locialities it is necessary to employ crushed rock of limestone 
granite or trap. Blast furnace slag is sometimes used as a coarse aggregate in 
the regions of steel production. In cases where granulated slag is used as a fine 
aggregate, it is usually necessary to add some sand also, otlierwise the mixture 
will be too harsh working and porous. In 1918, the need for an aggregate which 
would produce a light weight concrete resulted in the production, under tlie super- 
vision of the Concrete Ship Section of the U. S. Shipping Board, of a burnt shale 
aggregate' whicih furnished a concrete equal in strength to that in which gravel 
or stone is used, and having a weight per cubic foot of 1101b. as compared with 
145 lb. 

It is not possible to state in detail the characteristics which an aggregate 
should have without barring from use materials which would be found satis- 
factory in tests. Much expense has been incurred in some localities and concrete 
producers have been given wrong ideas of aggregate quality by specifications 
based upon fineness or quantities passing certain siev^. Such standards have 
usually been derived from the results of mortar tests which, as usually conducted, 
are of no value as a means of judging the worth of an aggregate for use in concrete. 
The presence of loam and clay in appreciable quantities is objectionable and can 
usually be detected by visual inspection. Test results show that fiaaeiy divided 
clays up to 6 or 8 per cent may be beneficial when the aggregate is deficient in 
fine particles, especially in lean mixtures. The old requiremeiit that the aggre- 
gate must be sharp has been eliminated from most specifications since strength 
tests have indicated that round particles do not produce an i^erior concrete. 

1 Engineering Newa^Reeord, April 24, 1019. 
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There is also greater ease in chuting and in compactly placing concrete con- 
taining rounded aggregate particles. So far as gradation is concerned, aggre- 
gates conforming to a straight line gradation or having approximately equal 
quantities of the various sized particles is desirable but what may be described 
as freak gradations, such as that of beach sand, may often be economically used. 
It is not possible to draw dehnitc conclusions as to the sujxjriority of any one type 
of aggregate. As a class there is little choice between limestones, granites or 
gravels and decision in any case when each are available should be based upon 
compressive strength tests. It is stated in Technologic Paper 58, of the U. S. 
Bureau of Standards that, “No type of aggregate such as granite, gravel or 
limestone can be said to be generally superior to all other types. There are 
good and poor aggregates of each type.'' 

(2) Tests of Aggregates , — While testing of aggregates has not been fully 
standardized, certain tests are commonly employed which singly or together are 
of some assistance in determining the concrete making qualities of aggregates. 
In general these tests are valuable in identifying or classifying material, and 
calculating proportions, rather than for definitely establishing absolute value. 

VistLol Inspection . — ^Visual inspection alone may be sufficient 
to permit a fairly accurate classification of an aggregate, especially when it is 
similar in type and appearance to material from another source which has 
proven satisfactory. Mineral constituents may be identified, gradation of 
particles, quantity of silt or impalpable powder and its condition whether free 
or adhering may be noted. Visual inspection will not result in detection of 
organic material or other injurious matter and should therefore be used with 
caution in judging material from new sources of supply. 

, Organic Impurities . — The presence of organic impurities in aggregate 
has been found to reduce the strength of the mortar and concrete or even cause 
disintegration. The Abrams-Harder Colormetric Test for organic impurities 
in sands furnishes a simple and efficient means of detecting organic impurities. 
This test, which may be readily carried out in the field, is described in detail in 
Appendix iJ, p. 726. 

Silt. — ^I'inely divided particles of aggregate, clay and loam are known 
as silt. Tests have shown that silt composed of rock particles or clay may be 
beneficial up to 6 or 8 per cent, especially in a coarse graded aggregate. Its 
effect can best be determined by tests of mortar or concrete in comparison with 
the same aggregate from which the silt has been removed. Excess silt can be 
removed by washing. Proportion of silt in an aggregate may be determined in 
the field by shaking a definite volume in a graduated vessel, such as a glass 
graduate, with water. After the liquid becomes clear the silt will be seen in a 
layer just above the coarse aggregate and the percentage is the thickness of 
the silt layer divided by the height of the aggregate column. This result is 
only approximate. More accurate determinations, in the laboratory, can be 
made as specified by the American Society for Testing Materials (see Appendix 
C,p.727). 

Specific Gramty, Voids and Weight per Cubic Foot , — ^These related 
physical properties of aggregate while of interest in comparing test results and 
of value in accurate proportioning, especially when transposing from weight 
to volume proportions, bear little relation to quality of concrete. For the same 
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aggregate gradings or the same fineness, weight of aggregate and consequently 
weight of concrete per cubic foot is proportional to the specific gravity of the 
aggregate. For any one aggregate, weight per cubic foot is inversely proportional 
to the percentage of voids. Percentage of voids is dependent upon relative 
quantities of fine and coarse material in a unit volume, as well as gradation and 
shape of particles. 

The following table^ shows the range of these values for fine aggregates of 
natural sand and crushed stone screenings from various localities in the United 
States: 



Range of 

P'ine aggregate 





f - 

Specific gravity 

Voids 

Weight per cubie 
foot (lb.) 

No. of saniples 

Natural sand 

2.35 to 2.72 

26.8 to 46.6 

82.8 to 119.9 

200 

Stone screenings . . 

2.49 to 2.90 

32.7 to 49.5 

80.7 to 120.0 

34 


Specific gravity is determined by introducing a definite weight of material 
into a vessel containing a liquid such as water or kerosene and noting the apparent 
increase in volume of the liquid. The specific gravity is the result obtained by 
dividing the weight of aggregate used by the volume displaced. Most sands 
containing silicious material do not yary greatly in specific gravity and the figure 
2.65 is commonly used as an approximate average value. 

Weight per cubic foot is dependent upon size and shape of aggregate particles, 
size and shape of container used and method of filling container. The specifica- 
tion tentatively adopted by the American Society for Testing Materials and 
given in detail in Appendix JD, j). 728, should be followed in determining weight 
per cubic foot of aggregate. 

Knowing the weight per cubic foot and the specific gravity, percentage of 
voids can be determined as follows: 


Percentage of voids 


inn — cubic foot X 100 

62.3 X Specific gravity 


Gramilar Analysis , — The fineness of particles or the gradation of 
an aggregate is determined by screening the material through a series of sieves 
having different sized openings. The series of sieves known as the Tyler Stand- 
ard Screen Scale is at present in general use for measuring the sizes of particles. 
The Tyler scale is based upon a series of openings which form a geometric series 
starting with 0.0029 in., the opening of the present 200-mesh standard sieve, and 
having the square root of two or 1 .414 as the ratio For coarse aggregates, screens 
oriiea^ with squa^ openings or steel plates with circular openings of the 
desired size are used. 

For laboratory use the brass frame sieves, 8 in. in diameter and 2 in. deep are 
most convenient, but, for the separation of large quantities of material, wood or 
metal frame sieves 18 in. in diameter are used. 

1 Teohnologlo Paper 68, U. 8. Bureau of SUindarda. ^ 




6 REINFORCED CONCRETE AND MASONRY STRUCTURES [Sec. 1-26 


Aggregate passing the No. 4 sieve is classed as fine material and its granular 
analysis is determined with the following sieves: 


Sieve No 

100 

1 

48 

28 

14 

8 

4 



Size opening (inches) .... 

0.005S 

0 0100 

0 0282 

0 0400 

0.0930 

0.1850 


All material retained on tlie No. 4 sieve is classed as coarse aggregate and is 
usually subdivided by means of the following screens: 


Screen 

No. 4 

H in- 

H in. 

IK bi- 

Size o])cning (inches) 

0 185 

0.375 

0.750 

1.500 


The granular analysis of a group of sands ranging from fine to coarse are shown 
graphically in Fig. 1. This test furnishes an excellent means of measuring the 
variation in gradation of different lots of aggregate, but does not necessarily 



Fig. 1. -Method of graphically rcprc.sonting the gradation of a group of sands rang- 
ing from very coarse to very fine. Surface area and fineness modulus of each are shown in 
tabulation. 


establish a basis for acceptance or rejectance without the results of strength 
tests of mortars or concretes or previous experience with the same or very similar 
material. From the results of the sieve tests, an approximate value for sur- 
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face area of the aggregate may be readily computed. The areas as computed 
are not the true areas and are not fully comparable with the areas of sands having 
different gradations or percentage of the various sizes unless the particles arc similar 
in shape, since the assumption is made that the particles are spheres. Most 
aggregate particles are more or less elongated and seldom spherical in shape so 
that the areas as calculated are usually less than the true areas. 

To illustrate the method of calculating surface areas, the area of sand No. 4 
as shown in Fig. 1 is determined as follows: 

Calculation ok Suhkace Aiiea of an Aocuikoate 
(Sand No. 4, Fig. 1) 


Sieve No. 


I'ercentagc 

retained 


Per cent retjuned 
I and jiiussing pre- 
' ceding sieve 
I (grains in 
j 100 grams) 


Sieve area 
factor (area in 
sq. in. 
p(T gram) 


''I'otal area 
(s(p in.) 


4 

8 

14 

28 

48 

100 

Passing 100 


0 

28 

47 

07 

82 

98 

2 


0 

28 

24 

20 

15 

16 


1 

2 

4 

8 

16 

32 


! 0 
i 28 
I 48 
80 
120 
256 
64 


Total per cent, 
or grams. . . . 


100 


Total, 


596 sq. in. per 
100 grams 


Note . — The above value for surface area is nut the true area, but is a proportion.al value which is 
sufTicicntly accurate for all practical purposes. The sieve urea factors for the larger screens are as 
follows: H » K, ye “ K, = He 

The values obtained in the sieve test may also be used in the calculation of 
the ‘^fineness modulus,'' which is defined as the sum of the percentages in the sieve 
analysis of the aggregate divided by 100, including the following Tyler standard 
sieves: 100, 48, ^8, 14, 8, 4, JS, Ji, and IVz in. 

The fineness modulus of sand No. 4 is determined as follows: 


Calculation of Fineness Modulus op an Aqoueoate 
(Sand No. 4, Fig. 1) 


Sieve No 

4 

1 

8 

14 

28 

48 

100 

Percentage retained 

■ 

23 

47 

67 

82 

98 


Sum of percentages » 317 Fineness moduli^ » ^^Koo 3.17 
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The fineness modulus of a coarse aggregate, all of which is retained on the No. 
4 sieve is the sum of the percentages on the and IH-in. screens plus 600 
(100 for each screen finer than the Js in.), and the total divided by 100. 

Fineness modulus increases with coarseness of aggregate. However, fineness 
modulus is not an absolute criterion of coarseness since a group of aggregates 
may be so graded as to differ as much as 600 per cent in surface area with 
fineness modulus constant. Variation in surface area has a very marked 
effect on the water requirement of an aggregate in a mortar or concrete and is a 
more useful criterion than fineness modulus in practice. 

Of the foregoing tests of aggregates, the colorrnetric test is the only one which 
may alone definitely establish the concrete making qualities of an aggregate. 
The others are chiefly useful in identifying and measuring the uniformity of 
aggregate and are of greatest value in conjunction with compressive strength 
tests. 

(3) Selection of Rest Available Aggregate . — When one or more aggregates are 
available for use, the emi)loyment of the foregoing tests combined with the judg- 
ment of the engineer based upon previous experience, will often permit the 
selection of the best aggregate. While various methods have been proposed as a 
basis for rating the mortar or concrete making qualities of aggregates, so many 
exceptions can be found to such rules, that final decision, where any considerable 
amount of money is involved, should always be governed by the results of com- 
pressive strength tests. This method is outlined in Art. 6. 

(4) Improvement in Quality of Aggregate . — Mortar and concrete making 
qualities may often bo improved at a reasonable expense by washing, screening 
and regrading. Washing will usually eliminate organic impurities and also reduce 
the quantity of silt, loam or clay. These treatments are usually applied to 
natural sands and gravels as separate steps in the process of excavating and load- 
ing the material for shipment. When such mechanical equipment is not 
available at the source of supply, washing and screening may be effected, at 
greater expense, by means of portable washers and rotary screens which are now 
on the market. The concrete mixer itself is a very efficient although a less 
economical washer. Aggregate prepared by crushing rock or boulders will be 
free from dirt if care is used in selection of the material, but excess of fine material 
may require removal by screening. It will seldom be found economical to sepa- 
rate aggregate into more than two sizes, the fine and the coarse. The advantage 
of the slight increase in concrete quality which may result from increasing the 
number of sizes will usually be overcome by confusion at the mixer, except 
where proportions are automatically combined. 

The added cost of regrading and handling more than two aggregate sizes had 
better be converted into more cement which will result in a definite strength 
increase. The practice of using crushed stone with sand and gravel which are 
deficient in quality should be governed in each case by comp^lng the added cost 
of the stone with the cost of increasing the cement content to furnish concrete of 
the same strength. It is impossible to state definite rules which will apply to all 
conditions and all t 3 q>es and qualities of aggregates. Each problem must be 
considered separately with cost and quality as controlling factors. 

(5) Use of Pit Run Materials . — Natural supplies of bank or river sand and 
gravel are widely distributed and probably furnish the greatest percentage of 
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material used for concrete aggregate. There is a marked tendency, especially in 
newly developed localities, where the demand is not great, to permit the use of 
pit run aggregate as excavated, without screening or washing. The use of pit 
run material is often poor economy and cannot be recommended unless compres- 
sive strength tests of concretes have demonstrated that little will be gained by 
screening and recombining, since there is usually an excess of fine material 
present which may result in a reduction in strength and permeability, so that 
different batches of concrete will vary greatly in quality and workability. In 
all work of importance, unless the value of pit run material has been indicated by 
strength tests, it should be screened into fine and coarse divisions by the No. 4 
screen and recombined. It has become common practice in some localities to 
supply a combined fine and coarse aggregate ready for use. This plan no doubt 
has some advantages in that the ready mixed aggregate is economical to handle 
and requires less storage space on the job, but precautions must be taken to 
prevent segregation of the fine and coarse particles. 

(6) Some Characteristics of Sand in Concrete . — Quality of concrete is affected 
far more by variation in quality and physical characteristics of sand than of gravel. 
The surface area of a sand is a function of the grading or the relative quantities 
of the various sized particles in a unit volume. A fine sand contains a greater 
number of particles per unit volume than a coarse aggregate and its surface area 
is greater. The bulking effect^' or swelling of sand to which water is added is 
dependent upon fineness, or surface area of sand. With a sand of given gradation, 
swelling increases with the addition of more moisture up to a percentage which is 
dependent upon fineness, beyond which the addition of more moisture causes a 
decrease from maximum volume to one less than that in the dry state. This 
bulking effect of sand takes place during the process of mixing concrete and 
the volume of concrete produced is in turn affected by the bulking tendency of 
the particular fine aggregate used. This characteristic of sand explains why the 
theory of filling voids in coarse aggregate by a carefully calculated quantity of 
fine aggregate fails to work out in practice. 

In a similar manner the moisture content affects the actual quantity of sand in 
concrete when proportions are based upon volume measure. As percentage of 
moisture in the sand increases, up to that for maximum bulking effect, le^s sand 
will be added to the batch and cement content per unit volume of concrete is 
increased. If preliminary proportioning studies have been based upon dry aggre- 
gates, the relative volume of sand may be slightly increased on the job when wet 
sand is used. On small jobs the total cement saving over the amount which 
would otherwise have been used will not be great, but on large work the difference 
may be appreciable since it may amount to one-half bag or more per cubic yard 
of concrete. Since the influence of other factors, difficult to control in the field, 
may more than cojmterbalance the effect of the increased cement content it had 
best be considered as increasing the factor of safety. Only on work where careful 
supervision and inspection is employed should this volume increase of sand be 
permitted in proportioning. 

(7) Concrete Making Valve of a Sand . — ^The extensive investigation of sand 
mortars made some years ago by M. Feret brought out the fundamental relation^ 
between gradation of sand and strength of mortars. The later improper appli« 
catiem of results of these studies to the production of concrete, has bm 
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responsible for the erroneous ideas which exist with respect to the concrete 
making value of a fine aggregate. The arbitrary limitations placed upon 
gradations of fine aggregate in some specifications has resulted in the condemning 
of many available fine aggregates well suited to the production of concrete. Such 
limitations have generally beei. based ui)on tests of sands in mortars. The 
conclusions so drawn are not applicable to the same fine aggregate in a concrete, 
and tests have shown that the fine aggregate in question must be combined with 
the coarse aggregate in a concrete to permit of sound conclusions being drawn. 

In Fig. 2 are shown the strengths and other properties of mortars made with 
the eight sands whose granular analyses are shown in Fig. 1. These sands were 
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Fig. 2. — Showing the effect of fineness of sand on mortar and concrete strength. Mor- 
tar strength tests as ordinarily made often result in rejection of fine sands wliich would 
prove satisfactory in concrete. The alK>ve mortars and concretes are fully comparable 
since the only variable factor is the sand gradation. 


obtained by screening aggregate from a single source of supply and recombining 
the various sizes in the required projiortions. It is seen that sands Nos. 2, 3 and 
4 produced mortar of the highest strength, and that sands finer than No. 2 gave 
strengths varying inversely as the fineness of the sand. On the basis of these 
mortar tests alone, sands 5, 6 and 7 would likely be considered undesirable for use 
in concrete. Concretes produced by combining these sands in turn with the same 
gradation of coarse aggregate indicate that better concretes, based on compressive 
strengths, are produced with the finer sands Nos. 5, 6 and 7 than with the coarse 
sands which gave mortars of the highest strengths. Concretes made of the 
finer sands are also superior in another respect which is of greater importance to 
the field engineer — that is, that such concretes show no tendency to segregate in 
the greatest flowabilities required in practice. 

Tests of sand in mortars do not indicate their true concrete making qualities 
due to the fact that the consistencies employed in mortars are seldom comparable 
with those needed in concrete. In a mortar a fine sand requires a &uch greater 
percentage of mixing water than does a coarse sand with other cc^ftii^tions equal. 
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The large excess of water required for the fine sand to result in equal flowability 
greatly reduces strength. However, in a concrete the paste which is composed of 
the cement and smaller sand particles may be drier when a fine sand is used and 
yet furnish the same flowability. A larger percentage of the material in the con- 
crete has the flowing property and as a result the fine sand concrete requires 
proportionally less water than in a mortar. This is illustrated by mortar and 
concrete tests of sands Nos. 2 and 7 of Figs. 1 and 2. 
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To produce mortars of the same flowability 19.22 per cent mixing water was 
required with sand No. 7 as compared with 13.61 for sand No. 2. In comparable 
concretes, only 10.80 per cent water was needed with sand No. 7 as compared 
with 9.73 per cent for sand No. 2. A large percentage of the finer sand particles of 
the former assists the cement in carrying or floating the coarse aggregate particles 
so that a less fluid mortar or paste is required. The small percentage of fine 
particles in sand No. 2 necessitates a more fluid cep»ent paste to result in the same 
flowability. While the actual quantity of used is greater in tho concrete 
containing sand No. 7, the cement past^ i^K is drier, the higher surface area of 
the fine sand accounting for the ^ditional water required. That this is true 
can be demonstrated by scrcen^jthe mortars from the two concretes and testing 
them on the flow table whi^ie acscribcd in Art. 3. 

Fine sands, which froip.;tte results of mortar tests appear to be unfit for use in 
concrete, may actually ^ most desirable. Realization of this fact should in many 
cases lower concretii^t costs since it will result in the use of local aggregates which 
would be classed ^ inferior under many specifications in common use. On all 
w^ork of importahee the expense of a small properly planned series of strength 
tests should definitely establish safe practice. 

■ (8) Density ^ Porosity and Permeability , — ^Available test data do not permit 
definite conclusions as to the relations between density, porosity and low permea- 
bility. The same concrete may have a high porosity and a low permeability. 
Porosity is. a measure of the total pore space while permeability is 
depend^t upon arrangement, size and physical condition of the pores. A neat 
cement Itnay jbave a high porosity and yet be impermeable for all practical 
parpos^. A ^'ill^rtar may^have a low pore space or high density yet Jbe very 
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permeable under comparatively low heads of water. Porosity is mainly depen- 
dent upon aggregate grading and quantity of mixing water used, increasing with 
fineness or surface area of aggregate and with water content. Permeability is to 
a certain extent affected by aggregate grading and water content but is mainly 
influenced by cement content. 

With the same aggregate grading and flowability, the variation in density or 
solidity ratio and porosity of a concrete may be slight for the widest range of 
cement contents employed in practice yet there is a marked decrease in permea- 
bility as cement content increases. 

2c. Admixtures. — Inert materials in powder form wliich are added 
to cement and concrete are classified as admixtures. The most common of these 
are hydrated lime and powdered rocks or clays. Such materials especially in 
lean mixtures, may slightly increase compressive strength in case the aggregate 
is lacking in finer particles. More often admixtures are employed as fillers in the 
aim to reduce permeability. As a means of increasing compressive strength, 
admixtures are generally ineffective and the extra expenditure required can best 
be devoted to increasing the cement content of the mix, which will definitely 
increase strength and watertightness. More studies are needed to determine 
definitely the relations between compressive strength, watertightness, grading 
of aggregate and cement content, and when suitable tests cannot be made it 
should be kept in mind that more cement itself is the most efficient admixture 
which can be used to increase strength and reduce permeability. 

2d, Waterproofings and Hardeners. — Waterproofing^ for mortars 
and concretes may be divided into two groups, integral compounds and surface 
coatings. Integral compounds include inert fillers, active fillers, water repelling 
substances, and special cements. Inert fillers are usually the admixtures of 
lime, pulverized rock or clay. Active fillers, containing rcsinates of potash or a 
saponifiable oil, are supposed to react with the free lime of the cement and form 
insoluble resinatos and lime soaps. These lime soaps are neither soluble in water 
nor wet by it and form the basis of what are described as water repelling" 
compounds. Water repelling compounds arc stearates of lime, or soda and 
potash. It is claimed that these materials fill the voids and by their water 
repellant nature prevent the passage of moisture. Waterproof cements are 
usually ordinary cements to which water repelling materials have been added 
in powder form. 

Coating compounds may be linseed oil, paints or varnishes, bituminous coat- 
ings, liquid hydrocarbons, soaps, and cements. Other types include the silicates 
of sodium and magnesium or pulverized iron particles to which a salt has been 
added to accelerate the corrosion of the iron when applied. These latter 
materials may be applied in liquid form to the concrete surface or in a mortar 
plaster coat. Linseed oil paints tend to soften under water and owing to the 
saponification of the linseed oil by the alkalies in the concrete are not permanent. 
Bituminous coatings include asphalts, petroleum residuum and coal tar pitches. 
They are sometimes used as paints but are generally, applied hot with alternate 
Jfyefs of felt. Liquid hydrocarbons form superficial surface coatings which may 

partially effective under low heads so long as the film remains uncracked. 
Soaps are supposed to react with the free lime in the concrete near the surface 
and form an insoluble lime soap. 
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Technologic Paper No. 3 of the U. S. Bureau of Standards sums up the value 
of integral compounds as follows: ‘‘Portland cement mortar and concrete can 
be made practically Watertight or impermeable to any hydrostatic head up to 
40 ft. without the use of the so-called integral waterproofing materials . . . The 
addition of these compounds will not compensate for lean mixtures, nor for poor 
materials, nor for poor workmanship in the fabrication of the concrete. None of 
the integral compounds tested materially reduced the absorption of mortars 
before they were dried by heating to 212 deg. F. Thus they have little or no 
practical value. If the same care is taken in making the concrete impermeable 
without the addition of waterproofing materials as is ordinarily taken when 
waterproofing materials are added, an impermeable concrete may be obtained.'' 
Recent tests in concretes of various water j)roofing compounds on the market 
verify the foregoing conclusion and indicate that their use does not decrease 
permeability or absorption below that obtained for plain concrete of the same 
cement content and flowability. 

Until further investigations have indicated the relation between aggregate 
grading and watertightness, the same care and precautions which are employed 
to produce a concrete of high strength will also be valuable in ])roducing concrete 
of low permeability and any added expenditure proposed for the purpose of 
insuring watertightness by means of integral compounds may best be used in 
purchasing more cement. 

To increase the hardness and resistance to abrasion of floor surfaces, boiled 
linseed oil, sodium silicate and magnesium fluosilicate have been found successful 
in practice. As one manufacturer of a concrete hardener explains, floors which 
are built in such a manner as to comply in every respect with the latest specifi- 
cations for such work do not require the use of a hardener, yet in practice it is 
difficult to attain such perfection and wear may often be considerably reduced 
by the a])plication of a hardener. Linseed oil may be applied by brushing it on 
to the surface. The silicates arc usually mopped on in two or three coats, the 
first being a rather dilute solution of 2)4 per cent followed later by solutions of 
5 per cent. 

The rate of hardening of concrete may be greatly accelerated by using a 
solution of 3 or 4 per cent calcium cliloridc for the mixing water. Final set 
of cement is attained in about one-half the normal time and the strength at 48 
hours is practically the same as that normally attained at 7 days. Strengths of 
calcium chloride concretes at 28 days are about the same as for the untreated. 
Ultimate strength is not in any way affected, but the early hardening is greatly 
accelerated, which is of especial advantage in the finishing of floors and in 
permitting the earlier removal of forms in structural work. The accelerator 
should not be used in reinforced concrete work which will later be exposed to 
moisture, owing to the danger of corrosion caused by the presence of the salt. 
Compounds having calcium chloride as the base are sometimes advertised as 
integral waterproofing materials but their effectiveness in such work has not been 
demonstrated, neither have they merit as hardeners to resist abrasion and wear. 

2e. Mixing Water, — ^The quality of mixing water to l>e used in 
concrete does not usually require special consideration. Any water which is 
satisfactory for . drinking purposes and domestic use will serve for concrete. 
In unsettl^ locidities where available water may be acid or alkaline or along the 
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coast where only sea water is available some consideration should be given to 
the source of supply. Just how great a quantity of dissolved salt may be present 
in water without injurious effect has not yet been established. Many satis- 
factory structures have been built in which alkali water has been used while 
others which have been cx])osed to alkali or sea water have shown signs of deteriora- 
tion. It is not probable that the small quantity of salt present in the mixing 
water can alone account for failures which have occurred, since the reaction 
between the salt and cement is probably completed before initial sot takes place. 
The presence of soluble salt in the mixing water is no doubt a minor factor so 
far as possibility of disintegration is concerned yet the use of fresh water is to 
be recommended whenever it may be obtained at a reasonable expense. 

3. Consistency or Flowability. 

3a. Importance and Effect on Quality of Concrete. — In order that 
concrete may be properly handled and i)laced, it must bo jilastic and flowable. 
(Consistency retjuired in any case is dependent upon methods of handling or 
transporting, shai)e and size of form in whicli it is to be placied, size and position 
of reinforcing steel, and accessibility for the purpose of vibrating the form or 
spading and tamj)ing the mass. In any case the pur{)()se is to completely fill tlie 
space with a homogeneous mixture, free from segregation, with all steel rein- 
forcing thoroughly bonded, witli surfaces as true and smooth as the faces of the 
form, at a minimum of cost. Compete transported in steel chutes must be 
sufficiently flowable that it will i)ass at a uniform rate through the system. 
In modern practice large quantities of concrete must be jdacjed during short 
periods of time and the amount of energy which can be expended in tamping, 
spading and vibrating the mass is small per unit volume. In large mass work 
a very stiff, slightly ejuaking consistency may be used provided it is transported 
by carts or buckets, since a small amount of tamping will c*ause excess water to 
rise and increase the wetness of the succeeding batches so that flowability may 
be slightly decreased as the work progresses. In structural work where forms 
are shallow and contain considerable stcud, tla^re is no (‘xcess water to increase the 
flowability or jdaceability of succeeding batches and concrete must come to the 
form in such a condition that it may be effectively j)laccd with a minimum of 
labor. A very wet almost fluid consistency may in some cases be required. 
The use of very wet con.sistencies in deej) forms will result in the formation of a 
layer of laitance having a thickness of as much as 6 in. Laitance has a very low 
(^ompressive stength, is very porous and permeable, and should be removed 
before concreting is continued. 

On any work there is some minimum flowability which must be attained to 
result in a homogeneous uniform mass. This minimum will depend ujxm the 
foregenng factors and is a consideration of the greatest practical importance to 
the field engineer. 

In any given concrete, increase of flowability is gained by increasing the 
amount of mixing water. The addition of inert material in powder form, contrary 
to common opinion, does not increase flowability, but actually results in a 
decrease, since the dry material extracts a portion of the water from the mass. 
Just as strength of concrete is dependent upon cement, the only strength furnishing 
element in the mass, flowability is dependent upon water content. As is 
generally known, increase in quantity of mixing water will decrease compressive 
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strength. This decrease in practice may be as much as 25 to 50 per cent of the 
strength which might have been ojjtained had the flowability been restricted 
to the minimum usable. Therefore the question of flowability is really as impor- 
tant to the architect or designer as to the field engineer. Minimum usable 
flowability is fixed by conditions of the work, and the use of sufficient water to 
attain it may result in strengths far below those assume^l in design. It is of prime 
importance to the field engineer that the concrete may be properly and economi- 
cally placed, while the designer is mainly concerned with the attainment of 
specified (luality. Increase in flowability means decrease in quality. For f.his 
H'ason flowability is a fundamental factor in the production of concrete which 
must be considered by the designer as well as the field engineer. 

It is equally important that the flowability factor be kept in mind in com- 
paring qualities of cements or aggregates. Unless flowabilities are equal, 
concretes are not fully comparable. l<](iual flowabilities and equal cement con- 
tents per unit volume are the two fundamentals which must be observed in making 
com])arisons. 

36. Measurement of Flowability or Consistency. — Two methods 
arc employed in practice for measurement of flowability or consistency, ‘*the 
slumjj test^^ and the *'flow table.^' In the slump test the tendency of a molded 
mass to distort or slump under the action of gravity when the lateral support 
is removed is measured while the flow table gives a measure of the tendency of a 
mass to spread or flow out under the influence of a definite amount of work. 
Ill the slump test, the slump or reduction in height of the molded specimen when 
ilui form is withdrawn is measured and expressed as so many inches slump. For 
the flow table method a mass of material is molded on a smooth surface, the 
form withdrawn and the surface raised vertically and dropped a given number of 
times from a fixed height, after which a comparison of the new diameter with 
the original gives a figure called the ‘^flow figure or flowability.” 

Sluvip 7V.s^— As originally emjiloyed in pra(!ti(;e a metal mold such as the 
0 X 12-in. cylinder form is used. Concrete is molded in the usual manner for 
the ])rcparation of test specimens, by ramming or tamping the material in four 
layers and the form is then withdrawn vertically. The unsupported mass cither 
remains standing in its original shape, it slumps or sinks down uniformly, or 
topples over. The difference in height between the original and the new upper 
surface is expressed as slump in inches.” For convenience two handles, or a 
loop may be attached to the form and for one-man operation projections at the 
bottom are of assistance in holding the form down during the process of tamping. 

To avoid some of the practical difficulties encountered in the use of the cylin- 
drical form of mold, it is now commonly made in the form of a truncated cone 
12 in. high with upper and lower diameters of 4 and 8 in. respectively. 

For field control and test of consistency the cylinder slump test has been 
found of value. It was effectively used by the Concrete Ship Section of the Emer- 
gency Fleet Corporation in the construction of concrete ships. The unusually 
rich and plastic concretes employed were well suited to the slump test. The 
slump test however is not accurate or reliable enough to be employed as a stand- 
ard consistency apparatus in the laboratory. With aggregates varying in grada- 
tion or with concretes of different cement content, slumps varying considerably 
aaay be found for concretes of the same flowability. For the same batch of 
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concrete, slump is not proportional to flowability except for a very narrow range 
of water content. With harsh working concretes or concretes of low cement 
content, even as rich as 1:2:4 true slumps may not be obtained even with the 
truncated cone type of mold, as a portion of the mass often crumbles or falls 
away with one side remaining its full height so that decision as to the true slump 
figure is difficult. For field use the slump test will be found to be of considerable 
value when proper consideration is given to its limitations. 

Flow Table . — The flow table as devised in the concrete laboratory of the 
Bureau of Standards and shown in Fig. 3 consists of a metal covered table top, 
mounted by means of a flanged coupling to the end of a short vertical shaft. 
This shaft carries at its lower end an adjustable bolt Below the belt is a cam 



Fig. .3.- — Flow tabic as developed at the Bureau of Standards for measuring the flow- 
ability of mortar and concrete. A representative sample is molded in the truncated sheet 
metal form and caused to spread by dropping the table top a given number of times through 
a fixed distance. The new diameter of the mass divided by the old and multiplied by 100 
gives the flow figure. The concrete shown had a flowability of 160, about as dry 

as can be used in structural work. 


having a throw of about 1>2 in- attached to a horizontal shaft which can be 
o])erated by hand. The bolt is so adjusted that the table top is raised and dropped 
freely through H JU- by one revolution of the cam. The mortar or concrete is 
molded in a sheet metal form on the center of the table, the form is removed and 
the top raised and dropped 15 times. The new diameter of the mass divided by 
the old, multiplied by 100 is designated as the flow figure. For IH-in. maximum 
size aggregate a mold having the shape of a hollow frustum of a cone 6 in. hi^h 
and with upper and lower diameters of 8 and 12 in. is used. For Ji-in. maximum 
size aggregate a mold 3 in. high with upper and lower diameters of 4 and 6 in. has 
been found satisfactory. A self-reading proportional caliper is used and the 
sum of the readings of two diameters at right angles gives the flow figure direct. 
If the table top is horizontal, the mass will spread concentrically and the measured 
diameters will be practically the same. 
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Tests of the flow table^ have shown that the flow is directly proportional 
to change in quantity of mixing water within the necessary Avorking limits of 
consistency. So far as tests have been made, flow as measured by the table has 
been found proportional to velocity of flow in a steel chute. The flow table will 
permit of a more accurate comparison of test results of difl’erent laboratories 
which has in the past been diflicult owing to lack of a satisfactory method of 
measuring flowability. 

4. Methods and Theories of Proportioning Concrete. — ^\^arious theories 
have been proposed for the use of available aggregates to produce concretes of 
definite quality. Since considerable time and testing e(iuii)inent are needed to 
determine how materials can best be used by actual tests of concretes, any pro- 
portioning method which can be worked out, based upon some easily determined 
physical property of one or more of the materials employed, will prove of great 
value. Descriptions of the more prominent methods advocated, together with 
brief explanations of their shortcomings follow. 

4a. Arbitrary Volume Proportions. — There are no considerations 
either practical or scientific which justify the use of arbitrary volume proportions. 
The almost universal assumption that a concrete composed of one volume 
cemenu, two volumes fine aggregate and four volumes coarse aggregate will 
attain a strength of 2,000 lb. per sq. in. at 28 days has been proven false in many 
localities yet such a proportion is often specified and owing to the general failure 
to test field concretes the inferior product is seldom discovered. Reinforced 
concrete design has been fairly well standardized and allowable stresses have 
been established after much study and experiment, but little attention is directed 
towards obtaining a concrete equal in quality to that assumed in design. The 
adoption of a proper system of field inspection and tests of concrete actually 
placed should do much to eliminate the common practice of specifying arbitrary 
proportions without proper knowledge of the concrete making qualities of the 
cement and aggregate which are to be used. 

46. Void Method of Proportioning Concrete. — Several variations 
of the void method of proportioning concrete have been proposed. In each case 
the idea has been to produce a concrete in which the void space will be a minimum. 
Knowing the volume of voids in the coarse aggregate sufficient mortar of fine 
aggregate and cement is specified to fill the coarse aggregate voids, often using 10 
per cent excess mortar. Strength of concrete is varied by increasing or decreas- 
ing the cement content of the mortar. With a coarse aggregate high in voids 
this method will result in a better working concrete having less tendency to 
segregate than with an aggregate low in voids. The production of a concrete 
having zero voids is of course impossible since the mortar which is added may 
itself have as high as 40 per cent voids and the coarser particles of the mortar 
force apart the particles of coarse aggregate so that the volume of the latter in the 
concrete becomes greater. Concretes proportioned in this manner may or may 
not be, of the greatest density possible for the materials employed and actual 
strength attained must in any case be determined by actual strength tests. 
An assumption sometimes made is that the strength of the concrete will be that 
of the mortar used. Such an assumption is erroneous since the concrete strength 
may be as little as 50 per cent of that of the mortar. 

> Meaiurement of Flowability by Means of the Flow Table, Engineering Newe^Reeord, May 27, 1920L 
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4c. Fuller’s Theory of Mazhnum Density for Proportioning Con- 
crete. — The assumption is made that Avith fixed cement content an aggregate, 
containing the cement, so graded as to have maximum density, will have 
maximum strength. It is claimed that strength increases with increase in density. 
Sand and gravel are separated into a number of sizes and recombined to have a 
grading which will closely coincide with the “ideal” grading curve or curve of 
maximum density.^ Tests^ of aggregates from numerous sources show that an 
aggregate can be screened and recombined to have widely different gradings and 
yet produce concrete of approximately the same quality. Also with fine aggre- 
gate of the same grading, the relative proportions of fine and coarse aggregates 
may be so varied to range over a broad zone which results in concretes of varying 
densities but of approximately the same compressive strength. With the same 
(jement content and the same supply of aggregate, the concrete of high density 
will usually have high strength but by changing the aggregate grading, or by 
modifying the relative proportions of fine and coarse aggregate of the same 
gradings, a considerable decrease in density of (joncrctc may result without low- 
ering compressive strength. An aggi*egate so graded so as to coincide with the 
“ideal” curve will often be lacking in fine particles, producing a harsh working 
concrete which segregates badly in the higher fiowabilities. 

The maximum density theory of proportioning is one application of the 
void theory. AA/ ith equal cc'ment contents the trend of imtreased strength with 
increased density is generally apparent, and it would seem that any theory of 
proportioning devised for predicting strengths should involve these properties. 
However, since density cannot be definitely determined Avithout actual jwepara- 
tion of mortars and concretes and taking into consideration other important 
factors such as flowability, it is doubtful whether either of the preceding pro- 
portioning methods can be developed so as to bo of g](»at practical value. 

4(2. Surface Area Theory of Proportioning Concrete. — The surface 
area theory of proportioning (!<)ncretc assumes that strength is dependent upon 
the ratio of weight of cement to surface area of the aggn^gate, that for a group of 
aggregates having different surfacui areas, and cement contents proportional to 
surface areas, equal strengths Avill be obtained. A water formula was proposed 
which it was claimed would result in equal consistemaes for such a group of 
mortars or concretes. Tests have shown that this water formula furnishes 
such a quantity of water in each case that equal Avater-cernent ratios will result — 
that is, the pastes alone will haAX equal consistencies with no allowance for the 
varying requirements of the sand Avhich differ in the surface area or fineness. 
When the water formula is disregarded and consistencies are made equal, widely 
different strengths may be attained, indicating that strengths arc not proportional 
to the cement-surface area ratio. Other tests® have shoAvn (see also Fig. 2) 
that a normal sand may be regraded and so increased in fineness as to double the 
surface area and yet produce a concrete having the same cement content and 
flowability, equal in strength to the mixture having one-half the surface area, 
'rests do not bear out the basic claims of the surface area theory, but indicate 

* “Plain and Reinforced Concrete,’* Taylor and Thompson. 

* Techn<Aogic Paper 58 , U. S. Bureau of Standards. 

^Journal Engineering Institute of Canada, May, 1021. Br^ineering Neive^Record, June 12 and 
August 14, 1910. 
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that the surface area factor is only one of the many which affect compressive 
strength and that it is not in itself a criterion of .strength. 

4e. Water-cement Ratio Theory of Proportioning Concrete. — 
The water-cement ratio theory^ of proportioning concrete assumes as its basis 
that strength of concrete is solely dependent upon the ratio of the volume of 
mixing water to the volume of cement for aggregates from the same source of 
supply. It is further claimed that aggregates having the same fineness modulus 
will require the same (piantity of mixing water to result in the same consistency 
or flowability when cement contents arc equal. Quantity of mixing water to 
result in any desired consistency may be computed from a water formula which 
involv(is the factors of (iement content, fineness modulus and absorption of aggre- 
gate and a constant water-cement ratio will result for aggregates having the 
same fiiuiness modulus. 

This water formula is based upon the same erroneous assumption as is the one 
j)roposed for the surface area theory of proportioning. It provides sufficient 
water to bring the neat cement pastes in the mixtures to the same consistency 
but docs not make allowance for the varying water requirements of the aggre- 
gates, which with the same fineness modulus may vary as mueffi as 000 per cent 
in surface area of fineness. The resulting concretes arc not comparable owing to 
the wide variations in consistency. The addition of more water to the drier 

w 

coiisislcncies results in loss of the constant - relation which is the foundation 

c 

of the theory and assumed criterion for constant strength. Tests® have sliown 
(1) that the proposed water formula does not result in comparable concretes 
which have equal consistencies as stated, and (2) disregarding the fundamental 
reciuiremcnt that concretes must have equal flowabilitics to be comparable, a 
w . 

constant ^ n^lation does not necessarily result in equal strengths. 

4/. Pit Run Method of Proportioning Concrete. — While it is recog- 
nized that the use of pit run materials should be avoided, there are often times, 
especially on small work, where deficiency of large aggregate particles can be most 
economically corrected by the use of more cement or a richer mixture. Tests 
generally show that, with ratio of cement to total aggregate constant, compressive 
strength decreases as the proportion of coarse aggregate decreases, especially 
when the latter falls below 50 per cent of the total. On the other hand, when 
cement content is increased proportional to increase in sand content, the strength 
also increases. The object in this method of proportioning is to specify the cement 
content reciuired to result in equal strength as sand content of the aggregate 
increases. One method® proposed for proportioning pit run aggregate involves 
a diagram for selection of cement contents which requires the changing of usual 
volume proportions. Absolute volume aggregate proportions are reduced by an 
amount which is dependent upon the new sand content of the aggregate and this 
value is then re-calculated to loose volume proportions. This is made necessary 
because of the assumption that strength of concrete is dependent upon absolute 
volume of cement in the mix and the density of the mix. 

^ Bulletin No. 1, Structural Materials Laboratory, Lewis Institute. 

* Engineering Nevos-Record^ June 13 and August 14, 1010. 

> R. W. Crum, Proceedinga Am. Soc. for Testing Materials, 1010. 
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•However, it is not apparent that determination of absolute volumes and 
density are essential, and a study of available data indicates that a diagram 
showing the change in loose volume proportions and sand content will be suffi- 
ciently accurate on work where the use of pit run materials is justified. The 
diagram of Fig. 4 may be used to determine the reduction in volume of pit run 
aggregate in the mix for increases in proportion of fine material. 

For example, assume that pit run material containing 40 per cent fine aggregate produces 
a concrete of specified quality in the proportions 1 to 5 by loose volume measure. The 
pit run material now c-ontains 80 i)or cent sand. What change in proportion must l:>o made 
to maintain the specified strength? 

Increase in sand content has been 80-40 = 40 per cent, and from the curve an increase 
in sand content of 40 per cent rocpiires a 21 per cent reduction in volume of aggregate used. 
Then 5 — (0.24) (5) = 2.8, the now aggregate volume. The proportion required is one 
part cement to 3.8 parts pit run aggrtg ite. 



Increased percentage offtne aggregate inpftrun motenat 


Fio. 4. — Diagram showing reduction of aggregate volume rcquinnl to produce concrete 
of constant compressive strength as the proportion of fine material in the pit run increases. 
The rclatiori.s shown are approximate but of sufficient accuracy where the use of pit run 
material is justified. 


It must be kept in mind that this diagram furnishes only approximate results. 
The resulting concjretes will be on the safe side, without the use of the large excess 
of cement required when cement content is made proportional to the sand content 
of the aggregate. 

5. Method . of Proportioning Concrete Based upon Preliminary Tests of 
Aggregates. — This method of proportioning which is described in detail and 
applied to aggregate used in one locality, evaluates the concrete making properties 
of one or more aggregates by coordination of laboratory testing methods and con- 
creting practice in the field. Many of the individual features are not new but 
have been employed in whole or in part by engineers and contractors. Quality 
of concrete depends upon many factors such as cement, aggregate, mixing water, 
method of mixing and curing which are sometimes difficult to control, and more 
often difficult to measure. It is therefore to be expected that under the best of 
control conditions concrete strengths for given materials and conditions will vary 
within fairly definite ranges which may be determined by experiment. 
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In most localities concrete aggregates are obtained year after year from the 
same source of supply and are usually fairly constant in quality. For aggregates 
in common use tlicre is no reason why their concrete making qualities with differ- 
ent cement contents and within the widest ranges of flowabilities employed in 
practice cannot be definitely established within reasonable limits for practical 
working conditions. Relations so established must be modified in practice, 
making proper allowance for differences in cement quality, minimum usable 
flowabilities and other variable factors. These allowances should be based upon 
test data aided by the results of previous experience. 

In the laboratory proper consideration must be given to the conditions and 
factors which the engineer must provide for in the field. In comparative tests 
the two fundamental factors, equal cement contents and equal flowabilities must 
bo satisfied. The range of flowabilities must be that which is required in the field 
for various types of work. Ctmient contents must vary from the leanest to the 
richest which may be required in practice to furnish concretes of the specified 
quality. 

This method of proportioning may be divided into three divisions as outlined 
b(‘l()w; 

5n. Step No. 1 — Selection of the “Desirable” Fine-Coarse 

Aggregate Grading. Divide the material from each source of supply on the No. 

4 or the }4-in. screen. Prepare concretes having the same cement contents and 
flowabilities, varying the relative quantities of fine and coarse aggregates in the. 
various batches. At least three fine-coarse aggregate combinations should be 
employed — such as, 3 volumes fine : 7 volumes coarse, 4:0 and 5:5. If the fine 
aggregate is lacking in the finer particles, more than 5 parts fine may be used. If 
the fine aggregate contains a large percentage of fine particles, having a surface 
area per 100 grams of 1,000 or more square inches, the 5:5 combination may be 
dropped and a2}i: added. Ordinarily the first three mentioned combinations 

will permit selection of the ** desirable” combination. These tests should be fully 
comparable as to cement quality, cement content, flowability and other con- 
ditions. One cement content and one flowability will generally be sufficient to 
establish the best fine-coarse aggregate combination as w^ell as the best source of 
supi)ly. Freedom from segregation in the w^etter flow^abilities, as well as com- 
pressive strength should be the basis of selection. Weights per cubic foot of dry 
mixed aggregate should be obtained for each combination. Considering material 
from any one source the dry aggregate combination having the greatest unit 
weight will generally be found to produce the strongest concrete. For some 
aggregates the maximum weight combination may be harsh working and show a 
tendency to segregate in the wetter mixtures due to a deficiency of fine material, 
in which case the combination next higher in sand content should be chosen. 
That the “desirable” fine-coarse aggregate relation is that one having the greatest 
unit weight is not stated as a general law, but has been found true in working with 
aggregates of the same type having widely different characteristics. The 
aggregate combination having the greatest unit weight will of course have the 
highest density and a minimum of voids for aggregates of the same apparent 
specific gravity, while in the dry condition, and to this extent this method may be 
considered as a void method of proportioning in its selection of the aggregate 
grading. This apparent law should not be relied upon but selection should 
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be based entirely upon compressive strength tests of fully comparable concretes. 
Further study and experience may permit the omission of actual strength tests 
in Step No. 1 and justify the selection of the best source of supply and the 
^Mesirablc” gradation on the basis of maximum unit weight or low void content, 
etc. This maximum density of aggregate should not be confused with maximum 
density of concrete since tlie ^Mesirable^’ grading will usually result in a concrete 
of lower density or solidity ratio than a grading having a lower sand content. 

56. Step No. 2 — ^Determination of Cement Content— Strength 
Relations for “Desirable” Gradation in Concretes of Different Flowabilities. — 
In Step No. 1 the ''desirable” fine-coarse aggregate combination as well as the 
best source of supi)Iy was determined. Tinder Step No. 2 concretes are prej[)ared 
with varying cement contents which will result in strengths throughout the ranges 
ordinarily specified and employed in f)ra(itice for the wettest and driest con- 
sistencies. These strength results are arranged in diagrammatic form showing 
the rtdations between compressive strength, cement contemt per cubic ^wd of 
concrete, volumes of cement and fine and coarse aggr(‘gate. The strength values 
so obtained are those resulting under the accuiate laboratory control employed 
and may be somewhat higher as well as of smaller variation than can be obtained 
in the field. From this diagram, knowing in advance of the beginning of work 
the specified strength and the probable minimum flowability which can be used, 
an estimate can be made of the (juantity of cement and fine and coarse aggregate 
wdiich will be reiiuired ])er cubic yard of concrete to attain thii concrete strength 
specified. This ])roportioning diagram will show at a glance the quantities of 
materials which must be em])loyed to result in a concrete of anj^ specified quality 
for aggregates from this ])articular source. 

5c. Step No. 3. — ^Verification and Modification in Practice under 
Field Conditions.— Owing to variation in brand and (juality of cement, variation 
in i)liysical condition of aggregalo, inaccuracic's in measuring aggregate volumes, 
differences in flowability from batcli to batch, and variation in regard to curing 
conditions, it is not to be expei^ted that concret(‘s produced on the job will be as 
uniform in (juality, except under most rigid insp(*ction and su[)ervision, as those 
of the laboratory from which the working diagram is originally devised. A syste- 
matic method of .sampling and testing of field concrete under uniform inspection 
conditions will indicate modifications which should be made to the original 
diagram. After a few applications to field work, a revised diagram may be 
prepared which will insure i)roduction in the field of concretes eipial or slightly 
superior to those assumed in advance. With aggregates from the same source 
and cement from the same mill, it is probable that the greatest variations from 
the laboratory test values can be accounted for by variation in cement quality, 
a change brought about in the concrete making qualities of the cement by age 
and storage conditions. A standardized compression test for the neat cement can 
be emplo3"ed to give direct comparison between the cement which it is proposed' 
to use on a particular job and the quality of the cement used in the tests from 
which the diagram is derived. 

6. Practical Application of Preceding Method of Proportioning. — The 
method of determining the proportions of cement and aggregate which will result 
in concretes of the desired quality as described in the preceding article is applied 
below to a pit run gravel aggregate. 
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The gnivel rmploycd was of silieious and limestone composition with many of the 
larger particles covered with rouRh and well-bonded limestone concretions. Material 
from this pit usually contains a very hifili percent aRO of sand with 90 to 95 per cent passing 
the j i-in. screen and 00 to SO per cent the No. 4 screen. 'J'ho aRRieRatc was separated on 
the No. 4 screen, rejectiiiR all i)articles over in. The colorimetric tost resulted in a light 
yellow solution indicating that no harmful organic matter was present. Loose weights 
per cubic, foot of the sand and gravel were deterniiiied as 9S and 9;t lb. respectively. The 
specific gravity was found to be 2.00. (Jranular analysis of the sand and gravel are shown 
in l''ig. 5 and indieat<! that the sand lacks a proper amount of y>art.if!lcs retained on tho 
2S- and 4S-mesh sieves to result in a straight line gradation. Dry sand and gravel were 
combined in the proportions .‘1.5 : 0..5, .5.5 :4..5 aiul 7. .5 : 2.5, and loose and packed weights 
determined as shown in Tig. 5. Using the.se three combinations concretes were prepared 
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I'lo. 5. — Selection of the “desirable” .sand-gravel combiiiati«)n. C»)ncrctes having 
ocpial cement contents and flowabilitics are prepared with varying ratios of sand and 
gravel. It has boon general practice to specify the ^I.5:6.o combination, but for well graded 
sands a combination approaching 5. 0:5.0 will usually be found desirable. The gradation or 
maximum size of tho coarse aggregate has little effect within wide limits. 


having tho same flowabilities as measured by the flow table, and approximately the same 
c ement (!ontonts. Strength tests at 28 days indicated that either combination would bo 
suitable in concrete. Tho 3.5 : 6.5 sand gravel concrete was harsh working and showed a 
tendency to segregate, so that the 5.5 :4.5 combination was selected as most “desirable/’ 
Ordinarily unless previous experience with the cement and aggregate can be used as a basis 
for selection of cement content to bo used in Stop No. 1, two cement contents should bo 
employed. In this case a volume of one part cement to approximately 3.40 volumes (sum 
of separate volumes of sand and gravel) of aggregate resulted in a compressive strength of 
2,300 lb. at 28 days with a cement content of approximately 747 lb. per cu. yd. of concrete 
in place. 

In order to determine "the range in compressive strength values for different cement 
contents and flowabilities, cement contents of 0.18, 0.26 and 0.34 of the sum of the aggre- 
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gate volumes were selected with flowabilitios of 160 and 200. The 28 days compressive 
strength tests, together with cement content in pounds per cubic yard, and aggregate vol- 
umes per bag of cement are shown in Fig. 6, the “ Proportioning Diagram.*' This diagram 
indicates at a glance the relations between compressive strength and cement content of 
concretes prepared with aggregates from this source of supply. The same data has been 
rearranged in Fig. 7. Either type of diagram may be used in practical work. 

Assume that a concrete having a compressive strength of 1,500 lb. per sq. in. is required 
and the type of work is such that a flowability of 200 can bo employed with a reasonable 
amount of tamping and spading. In Fig. 6 project horizontally on the 1,600-lb. line to 
its intersectioii with the strength curve for 200 flow, then project vertically to the inter- 
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Fio. 6. — Proportioning diagram showing the compressive strengths of concretes con- 
taining the "desirable” gradation for the extremes of cement contents and flowabilitios 
used in practice. Knowing the specilied strength and the minimum flowability which can 
be used, the cement content required per cubic yard of concrete as well as the batch pro- 
portions of sand and gravel per bag of cement can be read from the curves. 

{Note . — The above relation holds true for the particular cement and aggregate used 
in the tests.) 


section with the cement content line which indicates that 600 lb. of cement are required per 
cubic yard of concrete in place. To determine what proportions of cement and aggregate 
will result in such a concrete continue upwards to the intersection with the sand and gravel 
curves at which the readings are 2.5 cu. ft. sand and 2.1 cu. ft. gravel per bag of cement of 
94 lb. Since batches are usually measured on the basis of bags of cement, the batch quan^ 
tity is shown at a glance to be 1 bag of cement to 2.5 cu. ft. sand and 2.1 cu. ft. gravel or 
multiples of this ratio. In Fig. 7 quantities of cement in barrels and aggregate in fractions 
of a cubic yard required to produce one cubic yard of concretedn place can be estimated. 
For each yard of concrete 1.60 barrels cement and 0.60 cu. yd. sand and 0.40 of gravel are 
needed. 
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In practice a number of conditions are met with which may alter the relations as deter- 
mined in the laboratory and the final working diagram which will apply to available mate- 
rials in any locality may be modified by the results of field tests and inspections. The 
degree of accuracy with which qualities can be predicted. will be dependent upon the care 
employed in the field and judgment in the use of the diagram, taking into account varia- 
tions in cement (luality, mixing and placing methods, and curing conditions. 



Fig. 7. — Another form of proportioning diagram derived from Fig. 0 showing the batch 
quantities of sand and gravel required per bag of cement; cement in barrels and aggregate 
in cubic yards per yard of concrete in place; for a working range of compressive strengths. 

(Note . — Those relations hold as shown only for the particular cement and aggregate 
used in these tests.) 

7. Quality of Concrete as Affected by Processes in Its Preparation. 

7a. Mizing. — The development of machines for mixing concrete 
has practically eliminated the older method of hand mixing. Except on very 
small jobs the mechanical mixer is more economical and concrete produced is 
more uniform in quality. Good concrete can be produced by hand mixing but 
the proper procedure is too often ignored except under the strictest supervision. 
Continuous mixers which automatically proportion the materials should not be 
permitted as their product is not uniform. Continuous mixers of the pug mill 
type are satisfactory provided premixed cement and aggregate are fed to it. This 
type is most commonly used in preparing very dry consistency mortar mixtures. 

Little has been done toward determining the efficiency of the various drum 
mixers now on the market. The few tests made have shown that type or make 
of mixer hasffittle effect on quality of concrete, so long as certain necessary 
precautions am^ven consideration. The mixing of concrete is quite anakgous 
to tke heat cement in laboratory tests. Specifications ste^, th^ neat 
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cement shall be vigorously kneaded for a period of 1 min. This length of time is 
required to result in a uniform plastic condition which is little changed by further 
work. Less work will result in a stiffcr crumbling mass with the same quantity 
of mixing water. Variation in the time of mixing of concrete gives the same 
general result. With other factors and conditions the same it is found that 
plasticity or flowability, as well as compressive strength are increased by con- 
tinuing the mixing action up to a certain i)oint, beyond which added work pro- 
duces only slight increase in these qualities. The length of time required to 
attain this uniform, homogeneous, plastic condition is dependent upon richness of 
mix, condition of aggregate and quantity of mixing water as well as type of mixer 
and speed of rotation of drum, but tests have gcmorally shown that a mixing 
I>eriod of to lH min. is sulficient. The use of wet aggregate materiall}'' reduces 
the mixing time reciuired. Whether or not certain machines will complete this 
mixing action in a shorter period of time than others can only be determined by 
tests which will also take account of such factors as loading and discharge si)eeds. 

So far as quality of concrete produced is concerned there is probably little 
choice among batch mixers now in use. The choice of mixer is rather dependent 
ui)on plant reciuirernents of the particular job, first cost, maintenance, and 
operating cost. 

76. Placing and Curing. — Quality of concrete is little affetjted by 
ordinary methods of transporting and ])lacing extjept in so far as strengtli is 
sometimes reduced by the excessive (luantity of mixing water required in flat 
chutes by the tower and chute system. In some cases the excess flowability is 
not required by the shape of form or presence of reinforcing steel and a plastic 
quaking consistency which might otherwise be employed would result in concrete 
of considerably higher strength, since the degree of fluidity is fixed by the condi- 
tion of the chuting system. Flowability which must be emjdoycd is determined 
by size and shape of form, presence of steel and accessibility, both for the purpose 
of placing and tamping. In any case flowability should be restricted to the 
minimum required to place the con(;ret(i j)ropcrly with a reasonable amount of 
spading. Sloppy concretes having greater flowability than is required are 
inferior iij strength and wasteful of cement. Where fluid mixtures must be used, 
concretes high in sand content will be b(‘jieficial in preventing segregation. With 
coarse sands, the sand content may be made equal in volume to the coarse 
aggregate, the first being increased and the latter reduced so as to maintain the 
same cement content per volume of finished concrete. 

Proper curing conditions arc as essential as proper proportioning to obtain 
concrete of specified quality. Concrete will harden most uniformly under 
water, or in a thoroughly moist atmosphere where there will be no evapora- 
tion losses and all moisture is retained in the mass. Concrete roads are commonly 
cured under water by flooding and concrete floors may be protected by damp 
sawdust, shavings or sand. Such precautions cannot always be employed, 
but in all cases some attention to covering and sprinkling of horizontal surfaces 
and the retaining of forms in position as long as possible on vertical surfaces 
< will be of value. Concrete as placed contains sufficient water to hydrate the 
.cement, providing it is not removed by evaporation.- Such water as is lost 
during the first few days will not be fully effective if re-supplied at some later 
period. 
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8. Field Inspection of Concrete. 

8a. Control at the Mixer. — The quality of concrete cannot be measured 
or predicted for any given materials without detailed knowledge of the various 
processes .and steps employed in its fabrication and placing, as well as of the 
characteristics of the materials. There can be no assurance that concrete quality 
may not vary as much as 50 to 75 per cent during a day's run of a mixer unless a 
systematic method of inspection and testing is employed. On work of impor- 
tance at least one and preferably not less than two inspectors should be provided 
who will devote their full time to the inspection and supervision of the concreting 
process. On small work one man can oversee the work at the mixer as well as 
the placing of concrete in the forms, but when the distance between is great or one 
fX)sition is not easily accessible from the other a second inspector should be 
provided. Supervision at the mixer is of greatest importance and the inspector's 
more important duties consist of checking up quality and volumes of cement 
and aggregate, limiting flowability to the minimum usable and insuring a 
proper time of mixing. The mixer should be charged in such a manner that the 
exact volumes of cement and aggregates used can be estimated at a glance. The 
use of charging hopper into which the batch is placed before entering the mixer 
is not only economical but of assistance in controlling quantities. The use of 
wheelbarrows or two- wheel carts of known capacities is recommended. Materials 
may be charged direct from storage bins providing the charging hopper can be so 
divided off or marked to indicate volumes contained. The charging of a mixer by 
shoveling materials directly into the drum should not be permitted. The use 
of a continuous belt conveyor onto which both fine and coarse aggregates are 
loosely thrown should not be permitted unless the actual volumes of each can 
be definitely determined just before entry into the mixer. Careful inspection 
during transporting and placing of concrete will assist in bettering quality on 
most work, but the main effort should be centered at the mixer. 

85. Molding and Storing of Field Test Specimens. — Whenever 
possible, samples of concrete for test should be taken after its final deposition 
in the form. What is desired is the determination of quality of concrete as 
placed in position and this method of sampling tends to eliminate variations in 
individual batches. 

Cylindrical test specimens are recommended, the diameter being four times 
the maximum aggregate size and the length two times the diameter. For %-in. 
aggregate, a 3 by 6-in. cylinder mold may be used and, for IJ^-in. aggregate, the 
6 by 12-in. form is required. Capacities and dimensions of available testing ' 
machines must be considered in connection with the preparation of large size 
tost pieces since a 6 by 12-in. cylinder may exceed the capacity of a 100,000-lb. 
machine and an 8 by 16-in. cylinder may exceed the limit of a 200,000-lb. machine. 

Molds are usually made of iron pipe or machined castings, sheet 'metal or 
paper. The cost of machined cast iron molds does not warrant their use. Pipe 
molds are made by splitting black or galvanized iron pipe along one elementi 
removing a strip about % in. wide. Before molding, the mold is closed by means 
of a metal collar or clamp and the test specimen is later removed by loosening the 
clamp. It is not necessary that the inner surface be machined to size providing 
the tnie diameter of the specimen is used in computing the unit load. Sheet 
metal bent to cylindrical form with a suitable clamping device will be found more 
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satisfactory and more economical than the heavier metal types. All metal molds 
may be made watertight by the use of circular metal discs held in the bottom of 
the mold by lugs attached to the side. The paraffined cardboard mold has been 
found satisfactory for molding field test specimens. They are very light as com- 
pared with metal and have the added advantage that they can be split along one 
element and nested together for shipment. Previous to use, the seam is closed 
by lacing with wire staples spaced about K in. apart. The waterproof paper 
jacket, which is left in place until ready for test, protects the specimen during 
shipment as well as assists in retaining the moisture in the mass during the early 
curing period. 

The following procedure should be followed in preparing field test specimens: 
Set up the molds, which have been previously oiled, if metal, on a plane oiled 
surface of metal or wood. Obtain sample of concrete from the work and thor- 
oughly remix to a homogeneous condition if segregation takes place. Fill all molds 
one-third full and thoroughly spade or tamp fhc concrete. Continue filling and 
tamping until the mold is full. A very fluid consistency should be very lightly 
stirred or spaded. For stiffer mixtures a tamper of steel or wood having an end area 
of 2 or 3 sq. in. will be required. The exact methods and amounts of tamping 
vary greatly with the consistency. In any case the work done should be sufficient 
to completely fill the mold and result in a honogeneous uniform mass. After 
completion of tamping the mold should be heaped full and the side of the form 
lightly tapped. After a period of an hour or so remove excess material with 
a trowel to a distance of to in. below the top. Refill with a neat thick 
cement paste, trowel smooth and cover with an oiled metal plate or smooth board. 
The specimen should be allowed to remain in position for approximately 24 hr., 
after which the mold should be removed and the specimen stored in damp sand 
or water. The purpose of the neat cement capping is to furnish an end which can 
later be ground plane on a flat steel plate with water and fine sand in case such a 
surface was not obtained in the process of molding. If the concrete to be 
molded is low in cement content, or of a dry consistency, it will be found advan- 
tageous to spread neat paste on the support before setting the form in position 
in case the molds are not provided with bottoms. 

Since it is impossible to subject the small test specimens to the same curing 
condition as the large mass, storage should be standardized to result in a constant 
temperature and prevent loss of water by evaporation. In cold weather, speci- 
mens should be molded indoors, but they .should not be subjected to abnormally 
high temperatures or permitted to dry out at any time during the curing period. 
If specimens must be shipped some distance for test, the time in storage and 
time in transit, during which drying will probably occur, should be made uni- 
form during the progress of the work. In case such specimens are tested in the 
dry condition, proper consideration must be given this factor in comparing test 
results with the strength values shown in the proportioning diagram, since these 
field test values will probably be higher. 

Owing to the limited capacities of available testing machines, it has been 
customary on some work, where aggregates up to 4 or 6 in. maximum size 
been used, to mold small specimens with the fine material screened from 

concrete. Such tests will no doubt indicate comparative qualities but 
may give little idea of the actual strength values obtained in the work as these 
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mortars may test from 50 to 100 per cent higher than the original concrete 
as placed. 

While the cylindrical form of compressive test specimen affords the best 
means of checking up the quality of concrete actually placed, transverse tests of 
plain and reinforced concrete have been employed for this purpose. Although 
beam tests may fairly well indicate quality they should not be relied upon where 
compression tests are possible. Rather wide differences in quality as measured 
by compression tests may be represented in beam tests by differences not greatly 
in excess of the working range of error of the latter. The advantage of the beam 
test is the ease with which a satisfactory machine can be built. Tests of rein- 
forced beams add to the variable factors which are difficult to control or measure, 
and it is doubtful whether the cost of building and operating the more powerful 
machine required will be justified by the results obtained. A hydraulic machine 
for compression tests of cylinders will prove more valuable and economical. 

9. Some Clauses for the Concrete Specification. — The adoption of the 
method of evaluating the concrete making qualities of an aggregate as described 
in Art. 6, together with the employment of the flow table for measuring and con- 
trolling flowabilities will permit the adoption of a specification in which the 
following provision may be included. 

Cement 

Cement, shall comply with the Standard Cement Specifications^ and Tests for Portland 
Cement of the American Society of Testing Materials. 

Aggregates 

Aggregates shall be composed of hard and durable gravel, crushed rock, blast furnace 
slag or similar materials free from particles which may later disintegrate under the action 
of air and moisture. Slags shall not contain more than 1.5 per cent sulphide sulphur or 
weigh less than 70 lb. per cu. ft. For structural work no restrictions are placed upon 
aggregate grading except that it must bo such when combined in concrete that there will 
be no marked segregation during the process of placing. 

Concrete 

Concretes of the following qualities and flowabilities shall be used as specified : 

(Show a list of the various divisions of work — such ns footings, retaining walls, 
columns and floors — with the specified maximum strength which must bo attained 
together with the maximum allowable flowability for each grade of concrete.) 

The contractor shall submit a list of the batch proportions which ho proposes to employ 
for each quality of concrete, as obtained from the ''Proportioning Diagram” and, after 
approval, such proportions shall be employed until modification appears desirable from the 
results of the field tests, or there has been an appreciable change in quality of cement or 
aggregate. 

Fine aggregate whenever practicable shall be thoroughly wetted before being charged 
into the mixer. 

Concrete shall be mixed in a drum type power driven machine with a loading hopper 
which will permit accurate measure or inspection of volumes used when materials are not 
first handled in carts or barrows of known capacities or by an automatic weighing device. 

Mixing shall continue for a period of not less than 45 sec. after the entire batch is 
introduced and before discharge commences. 

Ordinarily flowability will be determined from samples of concrete which have been 
placed in final position in the work, but determination shall also be made at the mixer if 
requested by the inspector. 

lim Appendix A, p. 724. 
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10. Laboratory Methods for Use in Selecting and Determining the Concrete 
Making Qualities of Available Aggregates. — ^Laboratory methods for determin* 
ing the concrete making qualities of concrete aggregates together with lists of 
necessary equipment arc shown below. Often some of these tests may be omitted 
when working with materials whose properties are known from previous experi- 
ence. The following details apply especially to pit run gravel aggregates and 
will require slight modification to apply to the other types of materials. 

10a. Tests of Aggregates and Selection of ^‘Desirable” Grada- 
tion. — Important Equipment: Scales and balance of 200 and 15-lb. capacities 
graduated in the metric system, cubic foot container of wood or metal; sieves 
Nos. 100, 48, 28, 14, 8, 4, K, m, the latter four preferably having 18-in. 
diameter frames; 3 per cent solution of NaOH and 12-oz. graduatcjd prescription 
bottles for colorimetric test; galvanized mixing pans not less than 24 in. square; 
trowels; Ko o** /" 2 o cu. ft. density vessel of metal, a fiX 12-in. cylinder form with 
bottom attached will serve; a flow table; 3 X 6-in. and 6 X 12-in. cylinder molds; 
grinding plate for surfacing ends of test specimens; various size containers; 
testing machine; etc. 

Order of Procedure: 

(1) Visual inspection of aggregate. 

(2) Weight per cubic foot of pit run. 

(3) Granular analysis of pit run. 

(4) Separate pit run aggregate into two lots on the No. 4 screen. 

(5) Make colorimetric test for organic impurities in sand. 

(6) Determine physical properties of sand, such as weight per cubic foot, 
specific gravity, surface area. 

(7) Same for gravel. 

(8) Determine loose weight per cubic foot of various sand-gravel com- 
binations — such as 3:7, 4:6, 5:5— by volume. 

(9) Employing the aggregate combinations of No. 8, prepare batches of 
concrete so proportioned that all will have equal cement contents. 
Since bulking effect of high sanded combinations is great, batches of 
high sand proportions should contain a greater quantity of cement. 
Assuming that one volume of cement is to be used with five volumes 
(sum of individual) of aggregate, the volumes required will be as 
follows : 

VoLUMKs (Loose) 

Cement (Approx.) Sand Gravel 

1 (0.3X5) = 1.50 (0.7X5) =3.5 

1.02 (0.4 X 5) = 2.00 (0.6 X 5) = 3.0 

1.04 (0.5X5) = 2.5 (0.5X5) =2.5 

Make all flowabilitics equal by means of the flow table. Calculation 
of quantity of cement in each batch will serve as a check on the 
volumes of cement assumed. Variation in cement content of wet 
concrete should not be greater than 3 per cent. 

Selection of aggregate grading for use should be determined on the basis of 
strength and freedom from harshness and segregation. Generally the combina- 
tion lowest in sand content which shows no tendency to segregate should be chosen. 
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For sand having a surface area between 400 and 600 sq. in. per 100 grams, the 
5:5 combination will ordinarily prove best. When surface area exceeds 1,000 
sq. in. per 100 grams ** over-sanding*' will not usually be beneficial and the more 
common sand gravel relation, approaching 3:7 will likely prove best. In gen- 
eral the coarser the sand, the gi*cater the relative quantity which may be 
employed. With one aggregate available, the selection of the ** desirable " grading 
requires at least three batches of concrete with tests to be made at the 28-day 
period. When aggregate from more than one source of supply is available, the 
number of batches will be multiplied accordingly. For accuracy, volumes should 
be transposed to weight measure. The amount of time and labor required for 
this step may be greatly reduced by rejecting all coarse material retained on the 
J^-in. screen, thereby permitting the use of 3 X ()-in. cylinder molds, for which 
the small batches can be readily mixed by hand. Discarding the coarse par- 
ticles will usually have little effect on strength. 

106. Strength of the “Desirable” Gradation in Concrete. — Not less 
than two flowabilities and three cement contents should be employed. Previous 
experience with the same or similar aggregates will be of assistance in choosing 
the cement contents. Ordinarily three ctunent contents of 1 : 3, 1 : 4}^, and 1 : 6 by 
volume, the aggregate values being the sum of the individual volumes, will 
cover the range of strength values assumed in design. Flowabilities of 160 and 
200 will usually furnish sufficient information as to effect of variation of water con- 
tent on strength. A flow of 160 is plastic and quaking suited only to large 
volumes or deep forms where the mass may be spaded and vibrated. A flow 
of 200 will prove sufficient for most structural work except in special cases. 

Assuming that the 5:5 combination has been selected, batch proportions may 
be selected as follows: 


Volume proportions 

Cement 

Volumes 

Sand 

Gravel 

1:3 =0.330 

1 

1.5 

1.5 

1: 4K = 0.220 

0.07 

1.5 

1.5 

1:6 =0.166 

0.50 

1.5 

1.5 


For the two flowabilities 6 batches will be required for test at 28 days. Aggre- 
gate of ^^-in. maximum size with 3 X 6-in. test pieces will reduce the cost of the 
work. Quantity of water required will be governed by the flowability require- 
ment but should be accurately weighed in every case. Determination of unit 
weight of wet concrete will permit the calculation of such values as quantity of 
cement per cubic yard, density and surface area of aggregate per unit weight of 
cement in the mix. 

Strength values obtained when worked up in diagrammatic form furnish the 
“Proportioning Diagram” which must be considered as an approximate relation 
until the strength values may be checked against the results of tests of field 
concretes which have been prepared under a S 3 r 8 tematic method of inspection. 
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10c. Calculation of Test Data. — ^Assume that a 1:2:4 by volume 
concrete has been prepared with materials having the following physical 
characteristics: 

1 volume cement — weight 94 lb. per cu. ft. — specific gravity = 3.15 

2 volumes sand — weight 110 lb. per cu. ft. — specific gravity = 2.65 
4 volumes gravel — weight 100 lb. per cu. ft. — specific gravity = 2.65 

Batch of concrete is made up of : 

1 volume cement = 4.270 kilograms (9.4 lb.) 

2 volumes sand = 9.980 kilograms (22 lb.) 

4 volumes gravel = 18.140 kilograms (40 lb.) 

Water = 2.850 kilograms (6.3 lb.) 


35.240 kilograms, total batch weight 

Net weight of cu. ft. of concrete = 13.15 kilograms (in density vessel) 
Ratio of H cu. ft. to volume of batch = 0.373 
Pounds Cement per Cubic Yard of Concrete in Place: 

0.373 X 4.27 = 1.59 kilograms cement 

1.59 X 2.98 (constant for cu. ft. measure) = 474 lb. cement per cu. yd. 


Density or Solidity Ratio: 

The cu. ft. vessel has a volume of 5,660 c.c. approx. 


Absolute volume of cement = (0.373) ^^‘^^^^(1,(X)0) = 505 c.c. 
Absolute volume of aggregate = (9.9tS0 + 18.140) (1,000) = 


Total solids in 5,660 c.c. = 4,465 c.c. 

4 465 

Density or solidity ratio = = 0.790 


3,960 c.c. 


Surface Area of Aggregates per Grams of Cement: 

From the results of the granular analysis the areas of sand and gravel have 
been computed as 580 and 48 sq. in. per 100 grams, respectively. 

Total area of aggregate in batch: 

Sand (99.8) (580) = 57,900 sq. in. 

Gravel (181.4) (48) = 8,700 sq. in. 


66,600 sq. in. 

Grams cement in batch = 4,270 


Surface area per gram of cement 


66,600 

4,270 


15.6 sq. in. 


Water CemerU Raiio: 

V) _ Volume mixing water 
c Volume cement 

4 270 

Volume of cement = = 2,850 c.c. (approx.) 


Volume of water « 2,850 grams c.c. 

w 2,850 - 

then - - = 1.000 
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Of the above calculations, that for cement content per cubic yard should 
always be made. There are two fundamental requirements which must always 
be provided for in comparing concrete lengths. That of equal consistencies is 
complied with when flowabilities are made equal. Unless cement content is 
intended to be a variable, it is equally essential that cement contents be approxi- 
mately equal. Even when strength comparisons are not to be made, the cement 
content is necessary to accurately compute costs. In checking up the proportions 
used in the field it will often be difficult to obtain a correct value for the quantity 
of water contained in the batch, a value which is essential for computing the 
cement content per cubic yard. This may be fairly accurately determined by 
mixing a small batch of concrete by hand, employing the same relative quan- 
tities of cement and aggregate and adding mixing water until the flowability as 
measured on the flow table is the same as that of the field concrete. The com- 
parative weights of the two wet concretes in the same density vessel will serve 
to indicate how closely the field concrete has been duplicated. 

TRANSPORTING AND PLACING CONCRETE 

By James Cowin 

The transportation of the mixed concrete from the mixer to its position in the 
forms is an operation which will repay careful study, as every job is a new problem 
and the method which will deliver the concrete in the best condition and at the 
least cost on one piece of work may not be the most advisable to use on a very 
similar structure under different working conditions or at a different season of 
the year. 

The object of every transportation system is to deliver the concrete to the 
forms efficiently and economically. The concrete must not have an opportunity 
to take its initial set during the operation. Also it must be carried in such a way 
that segregation will not take place and the deposition must be continuous and the 
system water tight. The method to use is the one which will fulfill these specifi- 
cations and will do it at the least expense, considering both the first cost and the 
subsequent cost of operation. 

Speed of operation has been, perhaps, over-emphasized in considering the 
merits of the various methods of transportation for it is the centering and 
forming which consumes the time in ordinary building construction and not the 
placing of the concrete after the forms are ready to receive it. The ideal system 
would be one in which the forming, the laying of the reinforcing steel, and the 
concreting proceeded at the same rate, having a trained concreting crew who 
would be working continuously at the same operation from the pouring of the 
footings to the completion of the concrete skeleton. This is not entirely possible, 
due to the numerous construction joints which might result, although the danger 
of obtaining a poor bond between new and partially set concrete is also over- 
stressed if the connection is properly made. But the best modem practice is, 
nevertheless, tending towards small continuously operating units. 

11. Methods of Transporting Concrete. 

11a. Barrows. — Ordinary barrows are used on smaH jobs which 
will warrant only the most primitive ^uipment and have no phura on work 
involidng any considerable yardage except under special conditions. These 
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special conditions will include small operating space, difficult trestle centering, 
scattered work, where the making of runways is an important item, and in general, 
where facility of movement is the controlling factor. 

116. Carts. — Two wheeled carts of 6 cu. ft. capacity are next in 
point of cost above the barrow and for the average job it would be hard to find a 
more pliant, satisfactory and economical method of transportation. A man can 
handle a cubic yard of concrete in one-half the time required by a man with a 
wheelbarrow and with considerably less physical exertion The carts will require 
two lines of runways instead of the one required for the barrow but as these run- 
ways will be partially salvaged this additional expense is not of much importance 
in comparing costs. Using either of these methods the concrete can be mixed 
at ground level, poured into the cart or barrow, and hoisted to the floor required, 
an empty being returned to the mixer on the counterweight platform of the hoist 
at the same time. Carts or barrows can also be kept to the floor on which they 
are being used by elevating the mixed concrete to a hopper with skips or buckets 
and drawing from this bin. This gives more even operation as pouring is not 
interrupted by slight delays at the mixing plant or the hoist. This hopper 
should hold at least a batch and a half and should be emptied from time to time to 
prevent settling of the heavier aggregate and to keep the sides free from setting 
concrete. 

The hoisting tower will preferably be built of wood as it is more economical 
and can be easily extended as the work progicsscs. The steel tower of the spout- 
ing plant is not required as the building follows it up and gives the support which 
the greater height of the spouting tower does not get. The bucket is hung from 
a heavy bail which runs in wooden guides and the contents are dumped by omit- 
ting the front guide and placing a block to catch and overturn the bucket at the 
proper place. 

On floors above the basement, the concrete is transported to its destination 
over forming on which the reinforcing has already been laid. To avoid disturb- 
ing the steel and more especially to give the carts an even roadbed, the runways 
should be carried on wooden trestles or horses, 8 to 10 in. high, which can be 
withdrawn from the concrete when the slab has been poured up to them. Turn- 
outs should bo provided at short intervals so that the empty and full carts are 
not kept waiting. 

The cart or buggy is generally the last step in distribution, even if spouting 
is used, as it is practically impossible to design a spouting system flexible enough 
to pour directly into the forms. 

The importance of transporting with carts cannot well be exaggerated and 
this method should always be carefully studied in planning a plant layout before 
passing on to the consideration of other forms of transportation. 

11c. Cars. — Cars are used where the conditions are such as to justify 
their greater cost and w'here a large quantity of concrete is to be transported 
some distance. Cars are built in a number of sizes, ranging in capacity from 
14 to 54 cu. ft. of wet concrete and run on tracks of 16- to 20-lb. rails, built ordi- 
narily in 15-ft. portable sections. They can be obtained either with a bottom 
dump or with a swing or side dump. Under special conditions, such as where 
the building to be constructed is some distance from the point at which the 
concrete materials are received, it is sometimes more economical to establish 
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the mixing plant at the point of receipt and transport the mixed concrete to the 
building. Dump cars are invaluable for this work and also for road and tunnel 
work where the pouring is confined to long narrow sections. The capacity and 
inflexibility of this system will suggest other classes of work to which it is fitted. 

lid. Spouting. — Transporting concrete by gravity is claimed by 
its exponents to have many advantages over the two methods just described. 
It largely eliminates the human element from this portion of the work and it 
is that item which can not be accurately figured in making an estimate. It 
increases the mixer capacity as the output is automatically removed and there 
are none of the delays which seem unavoidable in the cart or car systems. It 
saves time as the concrete can be distributed as fast as the mixer can prepare it 
and the forms be made read3»^ to receive it. The formwork can go ahead at two 
or more separate points as the stream of concrete can be diverted from one to 
the other without the necessity of providing a continuous line of supports for 
the runways. 

Notwithstanding its manifest advantages in some ways, a spouting plant 
is not advisble for many kinds of work and the first cost, cost of erection and 
depreciation should be well considered. A gravity plant will not ordinarily 
pay on scattered work, on a many storied building with a comparatively small 
amount of concrete to the floor, or in general, to work involving less than 2,000 cu. 
yd. of concrete. This limit is being reduced, as the manufacturers of spouting 
systems are constantly bringing out new improvements and economies which in 
time will make a gravity system much more adaptable to general construction 
than it is at present. 

Concrete to flow successfully through a line of chutes should not be too wet 
but should be of the consistency which would be selected for making the best 
concrete regardless of the method by which it was transported to the forms. 
A sloppy concrete will separate and the heavy aggregate will settle and clog the 
chutes. The addition of a small amount of lime to the mix will tend to make it 
flow smoother. The slope of the chute should be for ordinary conditions, 1 in 
3, although for very long lines or where the pitch is not uniform this will have to 
be increased in some cases to as much as 1 in 2. The condition of the mix will 
also influence the pitch of the chutes — as, for example, a washed gravel concrete 
will flow more rapidly than a crushed slag concrete. The object is to have a 
slope which will deliver the concrete slowly but continuously in a well mixed 
mass to the forms and this can soon be determined after the operation has started. 
There are three general methods for supporting the chutes: (1) Suspending from 
a cable, (2) using a boom, and (3) carrying on tripods. 

The suspension cable system is especially adapted to cases where the concrete 
is to be conveyed over 200 ft. and is limited only by the height of the tower. 
In this system the chutes are hung from an overhead cable, one end of which 
is attached to the hoisting tower. The average height of a tower is 200 ft. and 
if the distance is too great to be covered from one tower the concrete can be relayed 
to a second tower where it is again hoisted and distributed. The principal 
field for this system is for dam and bridge or similar work as the distribution is 
confined to a short distance on either side of the line of the suspension cable. 

The boom plant can be used to advantage where the concrete does not have 
to be chuted to distances much in excess of 200 ft. The first section of chuting is 
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Fig. 8. — Typical continuous line system. 
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supported by a boom fastened to the tower. This is followed by a counterweight 
chute and then by such sections of swivel head chuting as may be necessary, 
or the counterweight chute may be omitted and the boom chute followed directly 
by swivel head sections. Floor supports, such- as tripods or gin poles, carry the 
chuting beyond the radius of the boom. This is the ideal plant for distances 
within 200 ft. of the tower as it is flexible both vertically and horizontally, 
covering the entire areas with very little time lost in shifting supports. 



(Covrtoay XnaUy Mfg, Co.) 

Fig. 9. — Typical boom plant installation. 


The tripod system is very limited in the distance it will cover and its principal 
use is in extending the length of the cable and boom chute lines. Tripods or 
similar supports carry the chutes from the hopper to the forms and it is a cumber- 
some and unwieldy method involving considerable labor for every change in the 
point of deposit. 

These three methods can be combined in a number of different ways. A cable 
line may carry the concrete to a second hoisting tower where the concrete is again 
elevated and distributed by a boom plant, or the two systems may be fed from a 
single tower, the boom planthandlingthe yardage near by and the cable line taking 
care of the more distant distribution. In selecting a system or combination of 
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systems, future use of the equipment should be kept in mind as the expense of a 
gravity plant is too great to be absorbed in one ordinary contract. 

Up to the point where the concrete enters the chute line the equipment is 
the same for all systems and consists of a mixing plant on the ground, a tower, a 
hoist bucket and equipment for hoisting, and a receiving hopper. 



{Cowteay Inaley Mfg. Co , ) 

Fio. 10. — Combination of continuous line and derrick supported counterweight chute 

equipment. 


The tower is generally built of steel on account of the height required and 
will be securely guyed in order to hold one end of the cable line or the wei^t of 
the boom. The average height is 200 ft. although towers as high as 375 ft. 
haye been erected. 

The hoist buckets are made in three sizes: 18-cu. ft. capacity for the output of 
a K-yd. mixer, 27-cu. ft. capacity for a %-yd. mixer, and 36-cu. ft. capacity for 
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the use of a 1-yd. mixer. The receiving hopper should have a capacity of 60 per 
cent in excess of the capacity of the hoist bucket to provide for contingencies. 
In some plant designs the hopper and dumping guides as well as the boom and 
boom supported chuting are carried on a sliding frame which makes changes in 
the elevation of the receiving end of the line comparatively easy. 

Chutes are made of No. 14 gage steel and the 12-in. oval chute has been found 
the best for the ordinary range of work. The life of a chute varies from 10,000 
to 20,000 yd. depending on the position in the line and the character of the aggre- 
gate used. Where the direction of the line is fixed, rigid connections are made 
between the sections by bolting the •flanges but where lateral play is desired, a 
swivel connection should be used. 

11c. Pneumatic and Miscellaneous Transportation. — Using air 
under pressure to convey concrete to its position is sometimes necessary due to 
the inaccessibility of the point of placement or in cases where a thin coating 
is to be applied. Tunnel linings are generally placed pneumatically as it is 
practically impossible to pour them but, in distinction from a coating, forms and 
centering are used to support the green concrete. 

The gun used for tunnel linings consists roughly of a large cylinder into which 
the mixture is dumi)ed and a i)iston which pushes the concrete from the cylinder 
into a pipe line through which it is forced by compressed air to its position in the 
forms. A G-in. pipe has proven very satisfactory if the size of the coarse aggre- 
gate is confined to 1 in. or under. The coatings arc applied either for ornamental 
purposes or to fireproof and protect existing work. An example of the latter is 
in tank construction where it is necessary to tighten the bands after the concrete 
has set. To protect these bands from rusting a coating sufficiently thick to 
cover the steel is applied pneumatically. 

Special conditions have brought out a number of ingenous ways for getting 
concrete to its destination, ranging from bucket elevators to a belt conveyor 
which one contractor used very economically in pouring a sewer. The object 
of every method of transportation is to get the concrete to the forms in perfect 
condition, quickly, efficiently, and economically, and every job is a new prob- 
lem to be solved by the builder with this end in view either from his own experi- 
ence or from the expq^ience of others. 

12. Depositing in Forms. — The final stage of transportation, the depositing 
of concrete in the forms, is the most imporatnt step in the process. Any separa- 
tion in the mix at this point cannot be corrected and directly affects the strength 
of the building. For this reason the concrete should not be allowed to fall any 
considerable distance as the momentum of the heavier particles will carry them 
to the bottom of the member being poured. 

Footings will in some cases be spouted if the mixing plant is located at ground 
level and the same precautions against too steep an inclination of the spout line 
should be observed here as in other parts of the work. The mixture should be 
spread in horizontal layers. There will be considerable laitance on the top of 
the footing on account of the quantity of concrete poured in one mass and this 
should be chipped off for the area of the column to be superimposed as the full 
compressive value of the concrete will be required at this point. 

Columns should be poured in the center to eliminate the possibility of the 
coarse aggregate jamming in the IH or 2 in. between the hooping and the forms 
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and causing pockets which require patching after the forms are removed. A 
smoother finish is also obtained as the concrete is sieved through the spiral wire 
and only the more liquid portion roaches the outside faces. Columns should 
be poured up to the bottom of the beam boxes, or of the depressed head, and 
allowed to take the initial set. Six to eight hours is sufficient time. This pre- 
caution is to avoid the plane of weakness which will develop at this point if the 
beams, slabs and columns arc poured together. The compressive strains of 
the setting concrete are dissipated at the free end of the columns. 

Beams and slabs should be poured from the column outward, filling the form 
to the required depth at each cart load and keeping the juncture planes as nearly 
vertical as possible. The reinforcing bars should be hooked up from time to 
time to aid the concrete in flowing under them. 

Walls should be poured in horizontal layers similar to footings and any 
construction joint should be in as nearly a horizontal line as povssible. 

13. Continuous and Even Deposition in Forms. — Continuous pouring of a 
unit should be maintained if it does not entail too much sacrifice in economy or 
smooth operation. Construction joints, if properly handled, arc not especially 
objectionable and sometimes the haste to complete a slab in one pouring results 
in poorer work than in the case where there is more careful, slower mixing and 
handling with the work interrupted at the right place. Construction joints 
should be avoided at points and in planes of shearing stress. For this reason 
beams and slabs should be stopped in the middle of the span where there is no 
vertical shear, and the joint should be a vertical one in order to cut across the 
lines of the horizontal shearing forces. 

14. Bonding Set and New Concrete. — The common and also the best method 
for obtaining a good joint between old and new concrete is to chip back the face 
of the set concrete until a fresh surface is exposed, clearing away all free and loose 
particles, wetting thoroughly with water and smearing on a thick grout. This 
should be allowed to set slightly when it is ready for the addition of the fresh 
concrete. 

There are patented chemical compounds on the market which are guaranteed 
by the companies producing them to make a perfect joint. 

16. Spading, Puddling and Tamping. — ^Air pockets ar§ liable to occur, espe- 
cially in long columns, and can largely be avoided by poling with a J|-in. rod 
as the form is being filled. Tapping the forms either with a hand or an air 
hammer will result in denser concrete. The amount of spading, puddling and 
tamping which a given concrete can stand will depend on the amount of water 
used in mixing. Very much disturbance of a wet concrete will result in segre- 
gation of the coarse aggregate while the strength of a dry mixture will be increased 
by a moderate amount of working, especially tamping. The concrete should be 
agitated enough so that it will completely fill out the forms, eliminate air pockets, 
and cover the reinforcing steel. As the concrete will start to set almost imme- 
diately ^after it is poured, any spading or puddling should be done while the 
pouring is going on as any subsequent working will break up the crystals which 
are forming and very decidedly weaken the concrete. 

16. Depositing Concrete Through Water. — Casting concrete Under water 
is best accomplished by pouring through a pipe or tremie which reaches to the 
point of deposition or by lowering in a closed bucket with a trap door which can 
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be opened and the concrete released when it has reached the proper position. 
The discharge end of the tremie should be kept buried in the cast concrete and 
the pouring should be continuous — otherwise, the charge will be lost and the pipe 
become filled with water which will wash out part of the cement of the next 
batch fed into it. A certain amount of the cement will be leached out of the 
concrete before it has an opportunity to set, even with the most careful placing, 
but the curing conditions are so much superior to any that can be obtained in 
air that the net result will compare very favorably with that of concrete poured 
in the open. 

17. Remixed Concrete. — ^The re-use of concrete which has been spilled in 
mixing or transporting is advised against by every writer on concrete and while 
the danger is, perhaps, exaggerated, this partially set concrete at best, replaces 
only so much aggregate and at worst may cause a weak spot in the building, due 
to the lack of cohesion within the lumps themselves on account of disturbance 
of the partially completed chemical action. Dr. Michaelis has shown that if 
set and hardened cement is reground it can be used again and considerable 
strength developed. In this case, however, the action of mixing does very little 
towards breaking down the coating which has already formed around the particles 
of cement so that practically no new strength is added and the pieces of re-used 
concrete, like so much stone, must depend on cement from without to bond them 
into the new mixture. In other words, the cement has lost its value and the 
safest course is to not use this partially hardened concrete if the set has proceeded 
far enough to bo noticed. 

18. Time of Set and Removal of Forms. — Cement is required by most speci- 
fications to have attained its initial sot in not less than 4.5 min. and its final set 
in not more than 10 hr. The rate of hardening from the time of final set is so 
very largely dependent on a number of different conditions that no general rule 
can be made, but ordinarily concrete will have attained approximately one-half 
of its ultimate strength in 28 days. The time required for the concrete to become 
hard enough to permit removal of the forms will vary with its richness, amount 
of water used in mixing and more especially with the temperature at the time of 
setting. Under normal summer weather conditions, the column forms can be 
removed the second day and the forming from the sides of beams and girders 
can be removed in the same length of time. The bottom supports, of course, 
remain in place to carry the weight of the beam or girder for at least two weeks. 
The centering for heavy beams should remain in place longer than for light, 
narrow beams on account of the greater weight and slower set. Special attention " 
should be paid to slab centering as deflected slabs are of very common occurrence 
and whether they are due to deflection in the forms themselves or to too early 
removal of the forms and centering, the impression given to the general public 
is one of insecurity. Removal of the forms in a week or ten days, keeping up 

a number of supports set at close intervals to take the load for another two weeks , 
is a good and safe procedure as the removal of the forms gives an opportunity 
to wet down the underside of the slab which is quite as important as wetting the 
top and also permits any necessary patching while the concrete is still in condition 
to make a satisfactory bond. 

19. ConcretinginCold Weather.— The season in which concrete can be poured 
undisi^ iavorable teny)erature in the Northern States is so short that it is abso- 
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lutely necessary that cold weather building practice be so perfected that work 
can be carried on throughout practically the entire year. Under present con- 
ditions, although more building is being done each succeeding winter, the con- 
tractor must not only make his profit for the year in seven months but he must 
also earn his overhead for the other five. One result is a shortage of skilled 
labor and a consequent bidding up of wages during the rush period. Another 
is that good men arc going into lines offering steadier employment, the building 
industry losing its best and most ambitious clement. 

The actual additional expense of cold weather construction has been esti- 
mated by contractors to be between 5 and 10 per cent — depending, of course, 
upon the character of the work — ^but the additional cost to the owner, will be less 
than these percentages for the reasons already implied. The general contractor 
is satisfied with less profit, his sub-contractors are glad to get work, materials 
are at their seasonal low point and the pick of the workmen can be secured at 
standard rates. The advantage to the owner in getting his building several 
months earlier will very often outweigh the slight difference in cost which may 
still remain after these deductions have been made. 

Concreting can be successfully done in cold weather by heating the water, sand 
and gravel, and by enclosing the skeleton and keeping the cast concrete warm 
until it has set. The addition of salt and chemical anti-freeze mixtures should be 
mentioned to make the list complete. 

19a. Heating the Aggregate and Water. — When the temperature 
gets down to 40 deg. F., active measures should be started to add artificial heat. 
Even at 50 deg. F. the action of setting has slowed down to less than one-half 
of what it was at 70 deg. but, if this is recognized, the forms can be left up the 
additional time necessary for the concrete to harden. At 40 deg. F., however, 
the action has become so slow that the concrete lies practically inert. At this 
temperature, if the chemical action is started by warming up the concrete, enough 
heat will be generated in the process of setting to complete the hardening. 
Even in actual freezing w('ather, concrete in relatively large masses can be 
handled in this way on account of the large amount of heat developed and the 
insulation afforded by the concrete itself. Thermometer readings taken from the 
interior of concrete cast in large masses have shown temperatures as high as 90 
deg. F. a year after the concrete was poured. Where any attempt at all has been 
made to heat the concrete, it is a very rare thing to see a column that has been 
structurally damaged by freezing. The fireproofing may scale off, but the core 
is generally sound. The sand and gravel or crushed rock should above all be 
heated as they make up the bulk of the concrete and the only object of heating 
the ingredients is to obtain a uniformly heated mix by introducing thermal 
units in the most convenient way. If the water can conveniently be warmed, " 
additional heat caj^be added in that form but under no conditions should boiling 
water be added diRctly to cement. The aggregate should preferably be heated 
over coils of steam pipes rather than by any direct application of fire unless it is 
very carefully watched and kept from getting too hot. A piece of rock which 
has been heated to 500 or 600 deg. will retain its heat for some time and in 
the mixture will, by evaporation of the water, cover itself with a thin film of 

cement which renders any bond impossible. 
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A large bank of steam coils which will heat enough material at one opera- 
tion so that plenty of time can be taken to heat the entire mass slowly and uni- 
formly is the best practical method. An ideal way would be to have a slowly 
moving endless belt similar to that of an ore roasting furnace running over the 
steam coils, the cold sand and gravel being thrown on one end and the heated 
aggregate released to the mixer at the other. 

On work the size of which will not warrant^he expense of fitting up an old 
boiler and steam pipes, the standard method of banking the gravel over a metal 
culvert pipe in which a fire is built will be satisfactory, provided the precautions 
are taken against overheating part of the gravel and leaving another part in 
frozen lumps. 



Fig. 11. — Equipment for heating concrete aggregates. 


As already stated warm water may be used but the cement should not be 
heated. The bad possible effects will more than offset the small benefits of 
introducing a little additional heat in this way. 

196. Enclosure and Heating Forms. — In severe weather the work 
should be enclosed and heated, especially for the first 48 hr. after being poured. 
Any concrete given a proper start and carefully cared for during the first two 
da 3 rs is almost safe. Enclosing and heating a building or portion of a building 
is mainly for the benefit of the thin members, like slabs and beams, or for pro- 
tecting the faces of the larger members, as experiments have shown that concrete 
2 in. from a face will not register daily changes in temperature and the seasonal 
changes do not penetrate over 6 in. If the building is of skel0|bn construction, 
a canvas curtain can be carried around the story to be poured and if the boiler 
used in heating the aggregate is not of sufficient capacity to carry a steam line 
to the story which will raise the temperature well above the freezing, salamanders, 
can be used. The number of salamanders required will vary with the outside 
temperature .and it will require constant attention to keep the room properly 
heatoflvlh;i.|his way. 
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19c. Protection against Frost. — ^As soon as possible after pouring, 
the top of the slab should be protected by covering with tar paper and straw. 
A fall of snow should be left undisturbed as it makes the best of protective 
coverings. 

19d. Frozen Concrete. — Concrete that is frozen can be saved by 
enclosing and heating. After thawing the concrete will resume its setting from 
the point it had reached at the time that it was frozen. A great danger is to 
mistake frozen for set concrete and to remove the forms before measures have 
been taken to thaw out and properly cure the concrete. Putting a small sample 
near the stove or radiator will soon show what has happened by the sweating 



Fig. 12.— Canvas walls as used in winter covering. 


and softening which will occur if it is frozen. Concrete which has frozen after 
setting has started is damaged to a certain extent due to the mechanically 
expansive action of the ice crystals and the amount of damage will depend on 
the degree of setting which has preceded the freezing. It is this action of the 
ice that makes a twice frozen concrete crumbly and worthless. The ordinary 
case of frozen concrete, however, is one which has been poured cold and then 
has been caught by an unseasonal spell of cold weather. As a general thing, 
this concrete ciii be saved as the cement was so inert when the concrete was 
poured that practically no action had taken place prior to the freezing. 

19e. Use of Anti-freeze Mixtures. — Common salt has been used 
since tUe early days of cold weather concreting and it has been shown by inference 
to be of no value as the only claim made for it is that it lowers the freezing 
point of the mixture a few degrees. It is not the actual freezing of concrete 
which is to be guarded against but the lowering of the temperature to a point at 
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which chemical action will not take place. Furthermore, salt retards the set- 
ting, corrodes the reinforcing and introduces soft salt crystals into the body of 
the concrete. 

Calcium chloride and chemical hardeners based on calcium chloride do 
accelerate the setting and for that reason may be of certain problematical value 
by decreasing the time necessary to keep the concrete heated. 

Alcohol like salt, reduces the freezing point and for that reason has no more 
value than common salt. 

20. Protection against Heat. — The protection of concrete against heat is 
not provided for because of any bad effect of the heat itself, but because of the 
action of the heat in evaporating water which the concrete requires in setting. 
Therefore, any concrete which can be given plenty of water is helped by heat, 



Fig. 13. — Canvas cover for curing. 


as it accelerates the setting. Thin concrete members or ornamental exposed 
faces should be protected from the direct rays of the sun. Moist earth is one of 
the best protective coverings for slabs and floor finishes. Tank walls or Other 
thin walls should be reinforced against the daily change of summer temperature 
which may amount to 50 deg. in a few hours as no concrete can stand the strain 
regardless of the methods used in protecting it during curing. 

CONCRETE CONSTRUCTION IN ALKALI SOILS AND SEA WATER 
By G. M. Williams 

21. Constituents and Distribution of Soluble Salts in ALkali Ground Water 
and Sea Water. — ^The presence of various soluble salts in sea water and in the 
ground water of the arid and semi-arid districts of the west requires special 
attention to the production of concrete which is to be exposed to such 
conditions. 

Waters carrying in solution the salts of calcium and magnesium as well as 
sodium and potassium are commonly known as alkali waters. All ground watera 
contain i^preciable quantities of one or more of these salts, but it isusuaUy in the 
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arid regions of the west that concentrations are sufficiently high to result in such 
waters being classed as alkali waters. The weathering and breaking down of 
rocks by long exposure to the elements has resulted in the formation of the soil, 
and these salts which were once among the constituents of the rock are now found 
distributed throughout the soil, usually in greatest quantities in the clay and 
shale. Water percolating through the soil dissolves a portion of the salts with 
which it comes in contact and by this means they are slowly carried away through 
natural drainage channels to the sea or later deposited on the surface of the 
ground by evaporation of the water. In the humid regions years of heavy rain- 
fall have resulted in the leaching of the greater portion of the soluble material from 
the soil, so that the ground water is now low in salt content. In the arid and semi- 
arid regions relatively small quantities of soluble salts have been removed 
except where by irrigation or other means, large quantities of water have been 
available together with good natural drainage conditions. In irrigated districts 
heavy crusts of white salts may often be seen on the surface of low lying 
land and on the shores of small lakes and ponds, resulting from the evap- 
oration of water which has passed some distance through the soil. The salt 
content of sea water has resulted from the constant inflow of streams carrying 
salts in solution. 

What is known as “white alkali “ is usually a mixture of the sulphates and 
chlorides of sodium, calcium and magnesium, while “black alkali” so called 
because of its tendency to dissolve vegetation or organic matter and stain the 
surface of the soil a brown or black color, contains a large percentage of sodium 
carbonate, together with smaller amounts of the white alkali. The white alkali 
is the most widely distributed type, and experience has shown that it is more 
injurious to concrete. 

In sea water chloride and sodium (common salt) predominate with appre- 
ciable quantities of sulphate, magnesium, calcium and potassium. Due to the 
changes brought about after the salt carrying waters of the soil reach the sea, the 
constitution of sea water is not the same as that of the waters entering. Sea 
water may be considered as an alkali water of the chloride type of high and quite 
uniform concentration while soil waters in the arid region are of the sulphate, 
carbonate or chloride types, of which the sulphate is by far’ the most common. 
Whereas the concentration of sea water is fairly constant, the salt content of soil 
water may vary several hundred per cent in distances only a few feet apart, 
depending upon available sup])lies of salt in the soil, quantity of soil water and 
drainage condition?. Sea water has a quite definite constitution . and con- 
centration while soil water although varying greatly in concentration is usually 
quite constant as to various constituents present in any locality. 

In the following table some typical analyses^ of alkali soil waters found in the 
western states are shown. These well show the wide ranges in concentrations 
and constituents which are encountered. 

^ All iiiiiilysoi) pxcept No. 4 arc taken from Technologic Paper 95, U. S. Bureau of Standards. No. 

4 \h taken from Bull. 616, U. S. Geological Survey. 
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Analysis op Alkali Waters 



Per cent 


Percentage reacting values 



Number 

soluble solids 

















in water 

Na 

K 

Ca 

Mg 

Cl 

SO4 

CO, 

NO, 

1 

0.11 

23.5 


16-3 

10.2 

15.4 

12.9 

21.7 


2 

0.46 

23 0 


19.4 

6.7 

27.1 

20.0 

2.9 


3 

1.67 

32 0 


4.7 

13.3 

2.0 

46.3 

1.6 


4 

1.85 

48 3 

1.5 

0 

0 

6.1 

7.8 

36.3 


5 

2.31 

42 7 


1.7 

5.6 

46.4 

2 5 

1.1 


6 

3.31 

27 5 


' 1.8 

20.6 

0.4 

47.8 

1.8 


7 

4.80 

36.5 


1.5 

12.0 

1 

4.0 

43.2 

1 

1.1 

! 1.7 


Waters Nos. 3, 6 and 7 arc of the sulphate type, most commonly encountered in 
the west, the concentration of the latter being unusually high. Water No. 5 is of 
the cldoride type and is typical of the soil water near Great Salt Lake, Utah. 
Water No. 4 is an example of a soil water high in carbonate or ''black alkali.'^ 
The constitution of sea water is quite constant and its concentration is high 
and fairly uniform, being lowered considerably near to the outlets of fresh water 
streams. In the following tabulation are shown the averages of 77 analyses' of 
sea waters, which may be considered as representative for comparative purposes. 


Typical Analysis of Sea Water 


Approximate con- 
centration (per 
cent) 

Percentage reacting values 

Na 

K 

Ca 

Mg 

c. 1 

SO 4 

1 CO* 

3.5 

38 0 

1.8 

1.7 

0 ^ 

45.1 

4.7 

0.2 


This average analysis of sea water is quite similar to Water No. 5 in the pre- 
ceding table as to relative quantities of constituents, but somewhat higher in 
concentration. 

22. The Effect of Alkali Solutions on Concrete. — ^The durability of sea water 
structures of concrete has been a problem of interest to engineers for many years 
and the study of the combined effect of sea water and various exposure conditions 
has been in progress ever since Portland cement began to be employed in such 
work. The possibility of disintegration of concrete by soluble salts present in 
ground became markedly apparent with the great development of irrigation in the 
western United States. As in sea water work, concrete has been generaUy 
adopted as the most useful material in the construction of various irrigation 
structures as well as for foundations, sewers and other works. The continued use 
of large quantities of water for irrigation has resulted in a gradual rise in the water 
table, or soil water level in many localities, and this water has become alkaline due 

> Becaloulated from data in Bull, 616 , U. S. Geological Survey. 
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to dissolving quantities of soluble salts in the soil. These waters, coming into 
contact with underground and surface structures of concrete have in many cases 
caused disintegration in comparatively short periods of time. This disin- 
tegration is generally first noted, and is most marked, at and just above the ground 
line and will vary with soil wa.ter conditions. Where the alkali water level is 
constantly below the limits of soil capillarity, disintegration will usually be con- 
fined to that portion of the structure which is immersed for a large portion of the 
time, with perhaps some deterioration at the ground surface due to the occasional 
presence of surface water. Disintegration at or near the surface is no doubt 
accelerated by frost action and alternate wetting and drying, but these effects 
are only contributory. 

Deterioration of mass concrete in sea water is generally found between the 
limits of the high and low tide, where the concrete is alternately wet and dry. 
The action is greatly accelerated by freezing and thawing, by the mechanical 
effect of the waves and abrasion caused by floating bodies in the water. 

The appearance of concrete affected by alkali salts varies with the quality of 
the concrete, the concentration of the solution and duration and condition of 
exposure. With good quality concrete, the first stage of the action is marked by 
the flaking or shelling off of the surface skin of neat cement or rich mortar, 
exposing sand grains and aggregate particles. As the action continues larger 
aggregate particles are exposed and the new surface has the appearance of being 
abraded with white deposits of salts apparent in the pores. 

In the last stage the material loses its identity as concrete and appears to bo a 
mixture, of aggregate particles distributed throughout a white, soft, putty-like, 
lime paste. This change may be accompanied by a considerable increase in 
volume. If soil water conditions change so that the mass becomes dry soon after 
disintegration has been partially or fully completed, there will be an appreciable 
hardening but the strength regained is very slight as compared with that of the 
original concrete. Distintegration of concrete of low permeability is essentially 
a surface action which gradually progresses into the mass. In some cases the 
outer skin appears to be immune to attack but it does not entirely prevent the 
penetration of alkali water, which in reacting with the inner portion causes 
swelling which shatters the surface skin. Rapidity of penetration is dependent 
upon quality of concrete and concentration of salt in the water, but usually chip- 
ping away the affected portion will reveal concrete which is apparently unharmed. 

A somewhat different and more rapid action occurs in the case of more per- 
meable concrete or in mortar mixtures of the type commonly used in hand tamped 
drain tile and sewer pipe. The comparative ease of penetration of the alkali 
water through the wall exposes a large volume of cement to the action of 
the salts and a rapid swelling and increase in volume results, the whole mass 
finally breaking down to form the typical white putty-like paste. 

23. The Theory of the Disintegration of Concrete by Salt Solutions. — ^When 
deterioration of concrete in alkali soils and sea water was first studied, the action 
was generally ascribed to the use of poor aggregates or improper methods of 
mixing and placing concrete and it was believed that disintegration was brought 
about merely by the crystallization of alkali salts in the pores of the concrete. 
Since the salts in crystal form occupy a greater volume than in solution, it was 
believed that the mechanical forces exerted were sufficient to disrupt the ma^. 



Sec. 1-23] PREPARATION AND PLACING OF CONCRETE 


49 


This being true disintegration could be avoided by producing concrete of low 
permeability which would prevent appreciable quantities of salt from entering. 

Laboratory investigation has shown that disintegration is not due to disrup- 
tive forces exerted by salt in crystallizing, but rather to the chemical reaction 
between salts in solution and constituents of the cement. Disintegration is 
primarily due to chemical action and any disruption which may occur under 
certain conditions as the result of crystallization is secondary. The constit- 
uents of the cement attacked by the salts are lime, silica and alumina. During 
the process of hardening of concrete calcium hydrate is formed, and it is this 
material which is most readily attacked. The sulphates of sodium and mag- 
nesium in alkali waters react with the calcium hydrate to form calcium sulphate 
and sodium and magnesium hydrates. The magnesium sulphate in sea water 
likewise reacts with lime in the cement to form insoluble magnesium hydrate and 
calcium sulphate. The part played in the process of disintegration by these 
newly formed compounds is not well understood and probably varies with the 
permeability of the concrete and quantity and movement of the alkali water 
but the final effect cannot be disputed since the changes produced in the labora- 
tory under controlled conditions have been verified by the inspection of good 
quality concrete exposed to similar conditions in the field. 

Burke and Pinckney in Bull, No. 81, Montana Agricultural Exi>erimcnt 
Station, state the following conclusions: 

(1) The disintegration of cement by alkali salts is principally duo to reaction between 
these salts and the calcium hydroxide necessarily present in sot cement. As a result of 
these reactions relatively insoluble new compounds are formed in the body of the cement 
structure . . . these new compounds have greater weight and require greater space 
than the Ca(OH )2 replaced . . . New compounds force apart the particles of cement, 
thus weakening or breaking the binding material. 

(2) A certain weakening, not a disruption of the cement is due to the loss of a portion 
of the binding material, crystallized calcium hydroxide, which is merely dissolved and 
moved in solution. 

(3) In order for destructive action to become marked, the alkali solutions must percolate 
through the cement, or at least must penetrate beyond the surface. 

(4) Any measures that hinder the penetration of the alkali solutions into the interior 
of the mass will delay the destructive action. 

Steik in Bull, No. 122, University of Wyoming Experiment Station 
has drawn the following conclusions from laboratory studies : 

(1) A solution of magnesium chloride had the greatest disintegrating effect, due to the 
action of hydrochloric acid produced by the hydrolysis of the salt. 

(2) The presence of sodium carbonate in solutions of the other salts retards the disin- 
tegrating effect. 

(3) The ultimate cause of the disintegration of cement is by the alkalies forming 
compounds with the elements of the cement which subsequently are removed from the 
cement by solution. 

Bates, Phillips and Wig in Technologic Paper No. 12, U. S. Bureau of Stand- 
ards, after an investigation which included exposure tests in sea water as well as 
laboratory experiments, outlined the following conclusions: 

(1) Portland cement mortar or concrete, if porous, can be disintegrated by the mechani- 
cal forces exerted by the crystallization of almost any salt in its pores, if a sufficient amount 
of it is permitted to accumulate and a rapid formation of crystals is brought about by 
drying. Porous stone, brick and other standard materials are disintegrated in the same 
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(2) In the presence of sea water and similar sulphate-chloride solutions; 

(a) The most soluble element in the cement is the lime. If the lime of the cement 
is carbonized it is practically insoluble. 

(6) The quantity of lime, alumina or silica present in the cement does not affect 
its solubility. 

(c) The magnesium present in the cement is practically inert. 

(d) The quantity of SO3 present in the cement up to 1.75 per cent does not affect 
its solubility. 

(3) The change which takes place in sea water when brought into intimate contact 
with the cement is as follows: 

(o) The magnesia is precipitated from the sea water in direct proportion to the 
solubility of the lime in the cement. 

(b) The sulphates are the most active constituents of the sea water and are taken 
up by the cement. This action is accelerated in the presence of chlorides. No 
definite sulphate compound was established. 

(c) The quantity of sodium and chloride taken up by the cement is so small that no 
statement can be made as to the existence of any definite chloride or sodium 
compound formed with the cement. 

The U. S. Bureau of Standards in cooperation with the U. S. Reclamation 
Service, the Drainage Investigations of the Department of Agriculture, and the 
Portland Cement Association have been carrying on an extensive field investi- 
gation^ since 1913 to determine the durability of cement drain tile in alkali 
soils and waters. Exposure tests of large size concrete specimens have been made 
in twelve western states so that a wide variety of exposure conditions have been 
encountered. Their conclusions to date may be summarized as follows: 

(1) Most serious disintegration is found in waters of the sulphate type. 

(2) Disintegration is primarily duo to chemical action between the salts in solution and 
the constituents in the cement. 

(3) Rapidity of disintegration is dependent upon concentration of salts in solution. 

(4) Resistance to disintegration varies with cement content or richness of mix. 

(5) Alkali salts are not uniformly distributed throughout the soil or body of soil water 
so that it is impossible to determine in advance the maximum concentration to which a 
structure may later be exposed. 

(6) Seepage water and alkali soil conditions may be encountered which will disintegrate 
concrete of the best quality. 

(7) The outer surface skin of concrete in which the lime has been carbonized may bo 
either very slowly attacked or immune to attack, but the carbonized coating is not in itself 
waterproof or impermeable so that disintegration may begin just within the shell. 

In the foregoing it is seen that all of the investigations have led to the con- 
clusion that disintegration is brought about by chemical action between salts in 
solution and the constituents of the cement. Results of field tests and investi- 
gations are in accord with and ami)lify conclusions drawn from laboratory 
studies. 

A field investigation which involved inspection of practically all concrete 
structures exposed to sea water along the coast of the United States, besides a 
great number in Canada, Cuba and Panama was made by Wig and Ferguson and 
reported in Engineering News-Record in September, 1917. Their study showed 
that structures exposed to sea water could well be divided into two groups, 
plain concrete and reinforced concrete. Where protected from mechanical 
abrasion due to wave action and floating objects, they concluded that permanency 
of structure of plain concrete of good quality is assured against disintegration. 

* TtchnfAogic Paver 214, U. S. Bureau of Standards. 
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Structures protected by wooden casings kave shown no disintegration after 25 
yr., while unprotected concrete of the same quality and exposed to the same 
conditions rapidly deteriorated. The problem of obtaining safe structures 
reinforced with steel is more difficult. Their investigation showed that the 
majority of all reinforced concrete structures on the American coasts subjected 
to the action of sea water or sea air are now showing evidences of deterioration 
due to the corrosion of the embedded reinforcement above the water line. They 
conclude that “steel embedded in first class concrete to a depth of 1 or 2 in. in 
accordance with existing theory and practice is not perfectly protected against 
corrosion by sea water action.” Failure is evidenced usually by cracks which 
follow along the lines of the reinforcing steel, starting above the high water line. 
Cracking is caused by the corrosion of the steel, the corroded metal occupying a 
larger volume than the original, and during the process of rust formation stresses 
are set up which exceed the strength of the concrete. They state “undoubtedly 
the real cause of the trouble is the accumulation of salts in the pores of the 
concrete above the water line by capillarity and evai)oration, and the absorption 
by the concrete of air carrying very minute ])ar tides of sea water.” 

The condition of reinforced concrete structures subjectcid to sea water, as 
found in the foregoing inspection, casts doubt on the permanency of such struc- 
tures in which steel is used and built according to present good practice. No 
doubt the use of richer, less permeable, concretes with deeper embedment of steel 
will eliminate much of the trouble now encountered. 

24. Precautions to Minimize or Prevent Deterioration of Concrete Exposed to 
Alkali Solutions. — All investigations have led to the conclusion that concretes of 
low permeability are more resistant to alkali and sea water action than concretes 
which more easily permit water to penetrate. The production of concrete of 
such quality is dcjpendent upon a rich mixture with wcll-gi’aded aggregates 
together with proper methods of mixing, placing and curing. The greatest factor 
influencing permciability is cement content. Regrading and washing of aggregate 
may be of value but increase of cement content is far more effective. The use of 
very dry or very wet consistencies should be avoided. The best consistency is one 
which is plastic and quaking and requires little tamping or spading to place 
properly. 

In this connection it is often specified that concrete should be non-porous and 
of maximum density. All concrete is porous and absorptive and tests indicate 
that there is little relation between density, absorption and permeability. A 
concrete of fairly high porosity may have a low permeability and consequently 
greater resistance to disintegration. The quality desired is low permeability. 
While such concretes are most resistant to alkali action, all are apparently subject 
to disintegration if concentrations arc sufficiently high. It is not possible to 
determine what maximum concentrations may be encountered at some later 
period even though investigations at the time work is under way indicate concen- 
trations to be low. Therefore the ultimate safety of concrete structures subjected 
to alkali soils and waters can only be assured by employment of such precautions 
as will prevent ground waters from coming in contact with the concrete. Such 
precautions are manifestly impossible in some types of construction. Ground 
waters may often be intercepted and carried away by means of vitrified tile or 
gravel drains. Integral waterproofing compounds have not demonstrated their 
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effectiveness in resisting alkali action and cannot be relied upon to give the desired 
protection. Tests have shown that tar and bituminous coatings are not perma- 
nent in resisting the penetration of moisture, although deterioration is retarded for 
a time. The membrane system of waterproofing should furnish protection 
as long as the coating remains unbroken. It is difficult to apply this material to all 
surfaces in practice and any method of waterproofing employed should be con- 
sidered merely as supplemental to a complete system of drainage 

For structures placed in alkali soils and waters it may be stated that per- 
manence can be guaranteed only so long as ground waters are effectively drained 
away from the concrete. Such protection is sometimes impractical and in any 
case the plans will be dependent upon the particular conditions at hand. On all 
work where there is possibility of alkali conditions developing, protection from 
action should be considered in the preparation of the plans, as effective drainage 
can usually be most economically provided for at this time. 

In sea water the protection of mass concrete from the action of salts can be 
made effective by protecting surfaces from wave action and abrasion by floating 
objects. Timber jackets have proven of value but will require renewal after a 
period of years. A facing of granite blocks will be more expensive but permanent. 
While deterioration in sea water has usually been found above low water level, 
there have been cases of disintegration of concrete constantly immersed, so that 
every precaution should be taken to insure a uniformly good quality of concrete 
throughout. 

Best results will be obtained by unwatering the sections to be concreted so 
that the concrete can be more uniformly placed and furnished protection from the 
action of sea water during the early period of hardening, but satisfactory results 
have been obtained in depositing concrete below the water surface by means of 
the tremie. 

To sum up our present knowledge of the durability of concrete in alkali soils 
it may be stated that the best of Portland cement concrete will be affected when 
exposed to sulphate waters and soils of high concentrations. Good quality of 
concrete when exposed to waters of the carbonate and chloride types is very 
slowly, if at all, attacked. Average quality of concrete exposed to these latter 
waters in the Western States for a number of years shows no apparent signs of 
deterioration . Where soils and ground waters contain large amounts of sulphates, 
no assurance can be given of the permanency of Portland cement concrete unless 
by drainage and other means such waters can be prevented from coming in contact 
with the concrete. In any case concretes of high cement content and low perme- 
ability will be found most durable. 

A rich concrete of low permeability can safely be used in unreinforced 
structures exposed to sea water if precautions are taken to prevent mechanical 
abrasion of the surface. Long life of reinforced structures exposed to sea water 
is less certain owing to the danger of corrosion. Present practice requires special 
attention to obtaining a rich concrete of low permeability together with a 
minimum covering of the steel of not less than 3 or 4 in. The adequacy of these 
requirements can best be determined by observing the history of structures 
now being built. 
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FORMS FOR CONCRETE 

By a. B. McDanikl 

1. General Conditions. — An important feature of concrete construction is 
the formwork. The design of a reinforced concrete building will be governed to 
some extent by the design, use, and rc-usc of the forms. For example, uniform 
story heights and column sizes arc adopted as far as practicable to secure economy 
in the use of form panels and column molds. In order to have full size structural 
members and true, uniform surfaces, it is necessary to build all formwork true to 
line and grade, strong, durable, and rigid, and braced sufficiently to withstand 
all bulging, twisting, or sagging. 

Form surfaces adjacent to the concrete should be dressed smooth and true, and 
be free from joints, cracks, and imperfections, which would cause leakage and mar 
the appearance of the finished work. 

As the cost of the formwork of a concrete structure varies from 10 per cent in 
a simple structure to 30 per cent in a complex one, economy in the use of forms is 
of the greatest importance. The use of beam, girder and column sizes to utilize 
standard widths of lumber will save mill expense. As far as practicable, the 
various units of a building such as beams, girders, and columns should bo spaced 
and arranged so that the form panels, or units can be rc-used a maximum number 
of times. It is often true that the use of a slight excess of concrete to secure 
uniformity or symmetry of construction will ensure a considerable saving in the 
final cost through simplification of formwork. 

2. Material for Forms. — Forms for concrete construction are generally built 
of two materials; lumber and steel. The former is the natural and original 
material, which is in general use at the present time. Steel has come into popular 
favor for special features of construction, such as round columns, circular bins, 
tanks, tunnels, etc. Steel forms will be discussed fully in a later article. 

Lumber for forms should be partially seasoned, as kiln dried lumber will 
absorb water from the fluid concrete and swell and bulge, while green lumber 
will dry out and shrink. In using ordinary, marketable lumber, care should 
be taken to frame the formwork to allow for some swelling without distortion. 

The kind of lumber to be used for the various parts of the formwork depends 
to a great extent on the cost and availability of material. Spruce, fir and South* 
em pine are generally used for studs, posts and joists. Yellow pine, Norway 
pine and fir are adaptable for the sections in contact with the concrete such as 
the sheathing and flooring. White pine is often used for the sides and bottoms 
of beams and girders, but is ordinarily too expensive for extensive use. 

All form lumber should be free from knots, twists, shakes, decay and othar im- 
perfections which would affect its strength and the finished surface of the concrete. 

The dze and thickness of lumber to be used in the various parts of formwork 
dqpendbs upon the design, the load to be supported, the kind of materij^ to be 

63 > 
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used, etc. However, it has become current practice to use certain common sizes 
of lumber for the various elements of formwork, and arrange these members 
to carry the required load. For example, for sheathing and flooring 1-in. material 
is used when the form panels are to be utilized only a few times, while Ij^-in. 
stock will be used when the ptmcls are to be emi)loyed many times. Posts and 
shores are 4 X 4-in. or G X G-in., while 1 X 6-in. or 1}^ X 6-in. material is 
generally used for ledger boards, cross-ties and bracing. 

Face lumber should be dressed all four sides, sheathing dressed two edges 
and one face, while braces, supports and ties may be of undressed material. 
Floor and wall forms should be of tongue-and-grooved or beveled-edge material. 
The tonguc-and-grooved material makes a smooth surface, but is hard to re-uso 
and is apt to bulge from swelling. Beam, girder and column sections arc generally 
made of pieces dressed true to edge, forming simi)le square or butt joints. 

3. Design of Forms. 

за. Principles. — The fundamental principles of form design are 
economy, simplicity, strength and symmetry. The first two principles arc closely 
related and obvious. Strength should only be sufficient (with a low factor of 
safety) to provide for the dead load and live load, during construction. Very 
often deflection rather than strength will govern the design of a section of the 
formwork, such as the floor joists. 

In the past, form design has been left largely to the carpenter foreman, who 
has prepared rough sketches for the building of the forms as occasion required. 
However, on recent work of any magnitude, it has become the practice to i)rcpare 
detail plans for formwork in the drafting room, under the supervision of the chief 
or designing engineer. This method is strongly recommended for economy and 
accuracy of design. 

Forms should be designed on the basis of the greatest practicable amount of 
re-use. Hence the design should consider the use of uniform story heights with 
the higher stories at the bottom; the proper allowance for and location of con- 
struction joints, the kind of windows and floor finish to be used, etc. To secure 
the most efficient and economical form design some extraneous factors such 
as the sizes and lengths of lumber readily obtainable in the local market, the 
location of lumber yard and mill with relation to the structure at the site and 
the size, character and location of the concrete plant, must be considered. 

зб. Values to Use. — In the design of forms, the loads to be applied, 
during and subseciuent to pouring the concrete, and the physical qualities of 
the materials to be used, are important and fundamental factors which must be 
determined previous to the actual preparation of the design. 

The loads on the forms consist of the construction loads as the weight of 
runways, workmen, loaded barrows or cars, etc. The impact of the falling con- 
crete should be considered in column and high wall design when the concrete is 
to be discharged from barrows or cars. The final load is simply the weight 
of the concrete and its reinforcement if any. The use of sections of a 
concrete structure for the storage of materials during construction should not 
be allowed. 

The pressure of wet concrete against forms depends on the rate of filling, 
Ihe method of placing, the type of structure and the temperature. The tests' 

> FVom Eng. Rtc^ Jih. 15, 1910. 
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of Major Francis R. Shunk, Corps of Engineers, U. S. Army, were made in 1908, 
and indicated that the pressure of concrete follows the linear law 


p = wh 


with IV equal to 152 lb. per sq. ft. until a time T has 
when the concrete assumes initial strength 


T 


C + 


150 

R 


elapsed after pouring begins, 


where C is a constant depending on temperature of the concrete in the forms, as 
follows: 


Temperature (deg.) 80 70 60 55 50 40 

Values of C 20 25 35 42 50 70 


and R is the rate of filling in vertical feet per hour. 

Tests made by Hector St. George Robinson to determine the pressure of 
wet concrete in columns of small dimensions, thin w^alls and similar light 
concrete construction indicated that the lateral pressure for average conditions 
was equivalent to that of a fluid weighing 85 lb. per c\i. ft. 

Subsequent tests on full size columns made by E. B. Germain of the Aberthaw 
Construction Co., Boston, in 1913, and by the writer in Illinois in 1913, 1914, 
and 1915, indicate that an equivalent fluid pressure value of 145 lb. per sq. ft. 
per foot height is a rational and safe value. 

The following values are recommended: 


Dead weight of concrete, 150 lb. per cu. ft. 

Construction live load on floor forms, 75 lb. per sfj. ft. 

Pressure of wet concrete on columns and walls per foot of depth, 145 lb. 
per sq. ft. 

Coefficient of elasticity for spruce and equal, 1,200,000 lb. ixjr sq. in. 
Extreme fiber stress in spruce or equal for timbers, 1,200 lb. per sq. in. 

for column yokes, 1,800 lb. per sq. in. 

Horizontal shear for spruce or equal, 200 lb. per sq. in. 


The moment formula which should be used in the design of members subjected 
to flexural stress, such as floor stringers and joists, depends upon conditions of 

wP 

loading and support. Generally M = is used, except in the case of single 


spans, where the construction load may be concrete cars moved over portable 
tracks. In the latter case, the positive moment at the center of the span would 
undoubtedly be much greater than the negative moment at the supports, due to 

wl^ 

the dead load. For a bending moment of M = f the corresponding deflection 


should be ascertained by the formula D = 


(see “Notation,'' p. 59). 


The coefficient ^ ^ mean between ^or beams with fixed ends and ^94 
for beams with ends simply supported. 

2c. Preparation of Drawings. — ^The detailed plans for the complete 
formwork for a concrete structure of large magnitude are generally prepared 
in the drafting room of the main office of the contractor undci' the supervision 
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of the designing engineer after the construction drawings have been adopted. 
The complete form design is similar to that which would be drawn for the frame- 
work of a steel skeleton building, special attention being given to the re-use of 
the forms and the reduction to a minimum of the amount of lumber required for 
the job. The following schedule is the order of procedure in the drafting room 
work: 

(a) The preparation of a general assembly plan showing the arrangement of 
the various parts of typical section or elementsS of the formwork (see Fig. 1). 

(h) A location or key plan is drawn to show the location of the various parts 
of the structure; columns, girders, beams, etc. From an inspection of Fig. 2, 
it will be noted that the general location of the building is given, and the various 
structural elements and their form sections are designated by symbols. 


for/tp 


Beam romf 


- .Column Form 


Fi(i. 1. — Cicncral assembly plan. 

(c) The detail plans are made, beginning with the footing form and pro- 
ceeding up through the building in about the following order: Footings, base- 
ment columns, basement walls, first story columns, girders, beams, and slabs, 
second story columns, girders, beams and slabs, etc. 

The type of form construction to be used on any job depends on the structure. 
It is often governed to a great extent by the judgment and experience of the 
superintendent and his carpenter foreman and the standard methods in use by 
the company. It is always advisable to adopt and maintain standard methods 
of form construction with which the designing office and field force are familiar. 
Such standards will result in simplification and economy of the drafting, make-up, 
erection and removal of the forms. 

The following points in the design of formwork arc used by the Aberthaw 
Construction Company of Boston, Mass;^ 

(1) .Joists and girts should be in as few lengths as possible to save time in sorting on 
the job. 

(2) Use stock sizes and lengths of lumber. 

(3) Keep number of panels and pieces to a minimum. 

1 From “Forms for Concrete Work" by R. A. Shbrwin, CenertU, April. 1016. 
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(4) Provide easy stripping. 

(5) Allow clearance enough for slight inaccuracies in making up and erecting, swelling 
of panels, etc. 

(6) Panels should bo a whole numl}er of boards in width, if possible, for ease in making 
up. 

(7) Units to be as big as can be handled and joists used ns panel cleats where possible. 

(8) Provide for re-use of panels. 

(9) Beams to be handled as trough units when the job is regular and units can be 
re-used. 

(10) Consider use of floor domes or inverted boxes when beams are close together. 
In this way beam sides and slab are erected, stripped and moved ns a unit. When either 
of the last two systems is used the beam sides should be given a slope to prevent hard 
stripping. 

(11) Provide for re-shoring if necessary. 

(12) Have bracing above the men’s hCiads. 

(13) When four beam haunches occur at a column consider making haunches ns a unit 
similar to a column head in flat-slab construction. 

(14) Consideration of steel forms. 

The assembly plan generally serv’cs as the basis for a study of costs, as several combina- 
tions of structural units can be made an<l their relative costs ascertained before a final design 
is determined upon. 

The use of a minimum amount of material is predicated upon the greatest 
possible simplification of the forms, the duplication of parts and the re-use of the 
form sections. The determination ... ^ _ . 

and location of the various sections 
are facilitated by the use of a loca- 
tion, erection or key plan. 

A very useful feature of the key- 5 
plan is the system of marks or | 
symbols used. Figure 2 illustrates 
the adaptation of mnemonic sym- ^ 
bols (i.e., memory symbols) for this 
purpose. The initial letter or figure 
in the column notation indicates the 
story location of the form section; 
the second letter is C for column location or key plan, 

side; the third symbol is one or more figures designating the number and hence the 
plan location of the column, and the last symbol is the initial letter of the name 
of the street which the section faces. In the case of beams and girders, the same 
forms may be used in several floors and hence the story location is not stated. 
The first symbol for beams and girders is composed of two letters which designate 
the section as either a side or a bottom of a beam or a girder; the second s 3 rmbol 
is the beam or girder number (all beams and girders are numbered consecutively); 
the third symbol is the initial letter of the name of the street which the beam or 
girder side faces. In many cases the third symbol is placed on only one side; 
the omission from the other side thus indicating its position. As an illustration of 
the use of this code, reference will be made to some symbols in Fig. 2. At 
column 12 are four sets of symbols, each one designating a side of the column 
form. Thus BC12U signifies that the section on which this mark is placed is 
located in the basement, is a side of column 12, and faces Utah Street. The 
three symbols (754, (754M, and (754 represent respectively, the side form of 
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girder 4, facing Utah St., the side form of girder 4 facing Montana St., and the 
bottom form of girder 4. 

The system of marking described above has been simplified in some cases by 
the omission of the letters S or B for the sides, and the last letter such as U or M 
for designating the position, thus giving the mark or ^9, and having only one 
number for any one panel. The advantages of this system are simplicity of 
marking both on key-plan and on form sections and the elimination of confusion 
in the making up and handling of forms. 

The detail plans of the form sections for the footings, slabs, beams, girders, 
and columns arc made in the order in which they will probably be needed at the 
building site. However, it is desirable to prepare these plans complete before 
the actual construction work begins, so that there will be no delay in the ordering 
of the material from the lumber mill. The beam, girder and column sections or 
panels are detailed on sheets of tracing cloth or paper, about 25 X 33 in., sub- 
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divided so as to have two rows of five spaces each. When the job orders go to 
the field office, the prints are cut up into 5 X 6-in. units, with a detail on each unit 
and are used by the mill man for cutting up the material and by the carpenters 
for making up the panels at the benches. Figure 3 shows a section of a sheet of 
floor details, and Fig. 4 a section of interior column details. It should 
be noted that each drawing of a form panel is made complete, giving sizes, 
dimensions, and bill of material for all the lumber necessary to make up the 
panel. The lines of the cleats are shown dotted as these pieces are placed 
first on the make-up bench and the form boards are laid on top and nailed to 
them. The cutting lines for the rc-usc of the form sections on upper stories 
are clearly shown and marked. End elevations or sections are shown when the 
piece is complicated. 

As each beam and girder section is made up of several boards held together 
by cleats about 2 ft. apart and each column section is likewise made up of several 
boards held together by the yokes, which in this case serve as cleats also, each 
board is marked with a symbol consisting of the letter M and a number. In 
like manner, the cleats arc given a number preceded by K, and the yokes are 
marked with a number preceded by Y, Each M number represents a board of a 
certain thickness, width and length, regardless of the location of the board in a 
beam, girder or column. The draftsman in making the detail drawings should 
use as many boards of such regular widths as 5^ in., 6^ in., and 7^ in., as 
|K>S8ible. These widths are the exact finished dimensions of 6-, 7- and 8-in. stock. 

The proper symbols are marked with lumber crayons on the pieces as soon as 
they are cut out at the mill. The bench carpenters are thus able to select with- 
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out delay the pieces necessary to make up any required form panel of which they 
have the drawing. 

After the completion of the drawings a material list is prepared, the various 
kinds of pieces (M\s, C’s F's, etc.) being listed independently. The lumber is 
ordered in advance from this material schedule, a copy of which is sent to the job 
to serve as a guide for the checking up upon the receipt of the material. 

4. Tables and Diagrams for Designing Forms. ^ 

4a. Notation. — The following notation is used in the tables and 

diagrams : — 

h = breadth of member in inches. 
d = depth of member in inches. 

I = span of member in feet. 

/" = span of member in inches. 
w = uniform load per linear foot. 
w” = uniform load per linear inch. 

w' = total load on floor in pounds per square foot = dead weight of slab 
per square foot plus 75 lb. per sq. ft. live load. 
h = head in feet. 

D = deflection in inches. 

E = modulus of elasticity in pounds per square inch. 

I = moment of inertia in inches^. 

/ = maximum fiber stress in pounds per square inch. 

M = bending moment in foot-pounds. 

Mr = resisting moment in inch-pounds. 
s = spacing in inches. 
n = number of spaces. 

n' = number of spaces between column yokes. 
k = largest dimension of column in inches. 

P = concentrated load in pounds. 

V = total maximum vertical shear in pounds. 

V = maximum unit horizontal shear (pounds per square inch) — 

45. Allowable Fiber Stresses. 


Maximum fiber stress in spruce or equal : 

for timbers 1,200 lb. per sq. in. 

for column yokes 1,800 lb. per sq. in. 

Horizontal shear for spruce or equal, 200 lb. per sq. in. 

Crushing perpendicular to grain for spruce 
or equal 400 lb. per sq. in. 

4c. Formulas. — The spacing of joists was determined in Table I 
by the formulas: 

For flexure 

8 = 2,000 

> From '*Conorete EngineerB* Handbook" by Hool and Johnson, except as noted. 



Table I. — Spacing op Joists 
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For deflection 


D = 0.0225 -j 
a 

When i> = I in. Z = 

When O = J in. / = 

4 12 


When D 


r 

360 




For horizontal shear 


s = 3.200 ^r, 

wl 


(Depths for joists arc taken in. less than nominal sizes.) 


In Table II, Part A: 

For flexure 

8 = 2,000 - f’ 

For D = in. 

s = 11,100 

For horizontal shear 

8=3,200-1; 

' wl 


In Table II, Part B: 
For flexure 


>- 1 , 600 ^ 


For D = 


360 


8 = 1,780 — 
For horizontal shear 
8 = 3,200^1-. 


Table III: 

Deflection of in. governs. 

l" = .^l,590,0^i45jd» 


In Table IV the concentrated loads from the joists were considered on a 
simple span in calculating the bending moment. The worst case was assumed — 
that is, when one joist comes at mid-span. Since a girt is usually continuous 
for at least two spans and the full live load never reaches it, the moment of 
resistance of the timbers was multiplied by 1.2. Nominal sizes of the girts 
were used in the computations. 

For flexure 

2406d» + |P(»» + 2n) 

, 

Horinmtal shear is to be considered, separately. From the above considerations 
it would seem that an allowable horizontal shear of (200) (1.2) = 240 U). per sq. 
in. may safely be used. 
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Diagram I: 

]<^or flexure 

For deflection 

Diagram TI: 

For flexure 

For deflection (/) 




336 , 000^2 

145/t 


. = V'-"' 


51 ) 0 , 000^/3 
h 


« = 2,380 




J:s in.) 


b5,m)d 

>» 23S'“ 


When d ~ 2 in. When d — 4 in. When d = C in. 

r = 28.3 in. /" = 40.0 in. /" = 40.0 in. 

These results are based on a value of k = I" and the values given may 
at least bo in(5r(‘as(»d to 30, 42, and 50 nvspectivcdy. 

For shear (n = 200 lb. jier sq. in.) 

Z" = 9d - (/" - /.') 


Table V: 


{hnj_ 

19,060 


h = p,\/l9,0(}a/i' 


Formulas to use with table: 

Diameter of bolt — 

Net area of washer — 




0.09556 
2 /'' - 


35d2_ 
2Z" - k 


Illustrative Problems. — 1. Required the proper spneing of 2 X 8-iii. joists having a 
span of 7.5 ft. to support forms for a 5-in. slab in bcam-and-girder construction, assuming 
1-in. sheathing. 

Table I shows that 2 X 8-in. joists spaced 31 in. on centers will give suflicicnt strength 

wl^ 

if the bending moment is assumed equal to For this spacing the table indicates that 
the deflection is somewhat over ^ in. but less than in. and much less than Heo span. 
Accurately, D =» 0.0225 yfs ” Table III we find that the spacing can- 

not be greater than 30 in. without the deflection of the sheathing exceeding in., which 
is not advisable. 

For Jlf = , the spacing would be (0.8) (31) = 25 in. from Table I and the deflection 

D — 0.030 *■ 0.22 in. From Table II, the spacing would be 22 + (8) ■■ 24.7 in. 

7.7o 

For Af » and the deflection limited to in., Table II snows the proper spacing 
• to be 21 + H(^) - 23.7 in. 



64 REINFORCED CONCRETE AND MASONRY STRUCTURES [Sec. 2-4c 


2. Assume joists in tho preceding problem to bo supported midway between beams. 
Determine their economical size and proper spacing, assuming M « ^ and deflection 
limited to 3^ in. 

It will be sufficiently accurate to assume tho span as 4 ft. From either Table I or II, 
we find that 2 X 4-in. joists may be employed spaced 25 in. on centers. 

3. Determine size and span length of girt in the preceding problem to support the joists 
midway between beams. 

Load coming from each joist is (3.75) 2 ) (137.5) *= 1,075, or say 1,000 lb., accurately 
enough. From Table IV we find that a 3 X 4-in. girt with posts spaced 3.8 ft. c. to c. 
could be used, or a 3 X C-in. girt with posts 5.6 ft. c. to c., or a 4 X 6-in. girt with posts 
6.6 ft. c. to c. 

Horizontal shear must be considered separately considering a joist to occur close to 
one support. Assuming a 4 X 6-in. girt with posts 6.6 ft. on centers, V = 2,260 lb. and 
3 2 260 

» = 2 * (4)'(6) “ than the allowable value. 

A 3 X 4-in. post could sustain (3) (4) (400) — 4,800 lb. without injuring the fibers of the 
girt. It would only be required to support 3,450 lb., consequently this size of post is 
suitable. 

4. Assuming tho cross-section of beam below slab as 14 X 18 in. (23 in. total depth) 
determine tho safe span for the beam bottom to be made of 2-in. i>lank. 

Live plus dead load on beam bottom is 75 + 2 2 (i^O) = 3,625 lb. per sq. ft. Diagram 

1 shows tho maximum span to be 43 in. 

5. Find tho proper spacing of 3 X 4-in. posts to support tho forms for 8 X 16-in. 
beams (cross-section given below slab) spaced 6 ft. on centers with a 4-in. floor slab. 
Assume that no girt is placed at midspan of joists. 

Total load on beam per linear foot is (125) (6) + = 883 lb. not considering 

the weight of the forma, which may be neglected. Safe bearing of post on fibers of cap — 
(3) (4) (400) = 4,800 lb. Safe spacing of posts - = 5.4 ft. 


6. Determine the size and spacing of joists, girts, and posts to support an 11-in. flat 
slab floor. 

Assuming 1-in. sheathing we find from Table III that the joists cannot be placed more 
than 27 in. on centers. Table I shows that for 2 X 8-in. joists tho spacing of girts may bo 
made 6.5 ft. The load coming from each joist is (6.5) (2^2) (212.5) = 3,110 lb., or accu- 
rately enough 3,000 lb. From Table IV wo find that for 4 X 6-in. girts the posts may bo 
placed 3.8 ft. on 'centers. Horizontal shear on girts must be considered separately. 
3 4 380 

® “ 273 lb. which is somewhat greater than the allowable value and a 6-ft. 

^ (4)(6) 

spacing ,of the girts is necessary. 


Table III. — Safe 
Based on M = 


Span for Floor Sheathing (Inches) 
with deflection limited to in. 


Slab thick- 
ness (in.) 

Weight in 
pounds per 
square foot 
(live plus 
dead) 

1 

i 

V 

o 

-•J 

09 

a 

1 

OD 

.9 

’7 

tH 

o 

« 

a 

s 

Slab thick- 
ness (in.) 

Weight in 
pounds per 
square foot 
(live plus 
dead) 

1 

IH-in. stock 

“31 — 

1 

a 

fH 

2-in. stock 

3 

‘ 112.6 

32 

39 

46 

57 

8 

175.0 

29 

36 

41 

61 

4 


31 

3S 

45 

56 

9 

187.6 

28 

36 

41 

60 

5 

137.6 

30 

37 

44 

54 

10 

200.0 

28 

34 

40 

60 

' 6 


30 

37 

43 

53 

11 

212.5 

27 

33 

39 

49 

7 

162.6 

20 

36 

42 

62 

12 

226.0 

27 

33 

39 

48 

















Based on Mr» H /bd* (1.2) 


Sec. i-4e] 


FORMS FOR CONCRETE 


65 


Hi 


5 


hhH 



H 


m 




mm 


tsfcw 

m 

hH>l 


m ^ 



Wsl 





m 

»M IW») 


I 

II 


htto 


Itii 


ii^ 


'+W 1 


HItl 

iP 


m 









66 B.EINFORCED CONCRETE AND MASONRY STRUCTURES [Sec. 2-4c 


7. What spacing ol vortical studs is required for a wall form with 1^-in. sheathing and 
a height of 12 ft. Diagram I shows the spacing to be 18 in. 

8. Assuming a 24 X 21-in. column with I" — 37 in., determine the spacing of the column 
yokes. For 2 X 4-in. yokes placed on edge, the value of to bo used in Table V should be 

(37)(1.23) §?!’ = 42.5 in., say 42 in. 

For 4 X 4-in. yokes, the value of to be used should bo (37) (0.87) (0.935) = 30 in 

For shear the actual value of I" must not be taken less than 9d — (I" — A;) = (9) (4) — 
(37 — 24) 23 in. for either the 2 X 4-in. or the 4 X 4-in. yokes. Evidently the shear 

in the yokes will be less than the allowable. 


Diagram I 

Spacing of Vkktical and Horizontal Studs (or Column Yokes) at Any Given 
Depth Below Surface of Concrete 

(It.'iHcd on strength and deflection of sheathing) 

Deflection limited to J’H in 



Other things being equal, Diagram II shows that 1-in. sheathing would bo more econom- 
ical than l}^-in. when 2 X 4-in. yokes are used. The table shows that the same number 
of yokes would be used in the two cases. 

The spacing center to center for the 2 X 4-in. yokes for a 10-ft. column with 1-in. 
sheathing, would be as follows in inches starting at the top: 30-20-14-11-10-9-8-7. 

Where the strength of yokes governs their spacing, the bolts must have a diameter of 

using actual values of k and I". Thus for the 2 X 4-in. yokes, diameter of the 


bolts must be at least 

' 60 

36d» (3)(2)a6) , „„ 

- 50 1'92 sq. in. 


0.25 in. The net area of washer should be 



Sec. 2-4cc] 


FORMS FOR CONCRETE 


67 


Diagram II 

Spacing of Column Yokes or Horizontal Studs at Any Given Depth Below 

Surface of Concrete 

(RuHi'd on slrongth and deflection of the yokes or sfurls) 

Rased on M - Deflection leas than in. 




Directions for Using Diagram II and Table V 
For 2 X 4-in. yokes or studs (flat) multiply actual V' by 1.73 before using diagram or table. 

For r 

For i 
Fo 

Fo. 

For 4 X 0-in. yokt^s or studs ^on edge) multiply actual T' by 0.58 before using diairum or table. 

For G X G-in. yokes or studs (on edge) multiply actual by 0.47 before using diagram or table. 

For b X d-in. yokes or studs (on edge) multiply actual I" by v before using diagram or table. 

For columns the value of V' to bo used m diagram or table should bo the value of I'* as found above 

multiplied by in which expression the actual values of I" and k are to be substituted. 

In determining spacings from the diagram or table for | j ^ Wn!,’ 4*X 0-^.fand 6 X 6-in. } 
actual values of I" greater than I q j in. will give a deflection of yokes greater than H in., and actual 

values of F' greater than | ) in., will give a deflection greater than in. 

In determining spacings from the diagram or table, ocluol values of F' must not be considered as less 
than determined oy the formula ^ 

otherwise horisontal shear will bo greater than 200 lb per sq. in. Th‘c corresponding oeluaf value of it 
(which will be called k') should be determined by subtracting the value of a (see sketch) from the value 
of F' found by the above formula. The valui^of I" to use in diagram or table should then be found as 


explained above and finally multiplied by • 



TabijE V. — Spacing op Column Yokes or Horizontal Studs 
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9. Assuming a 12 X 12-in. column with V ■* 22 in., determine the sQj^aoing of 2 X 4-in, 
yokes placed on edge. 

The limiting value of Z" for shear on yoke is (9) (4) — (10) « 26 in. Thus actual values 
of V* and k must be considered as 26 in. and (26 — 10) 16 in. respectively! which gdves a 

value of Z" to bo used in Table V of (26) (1.23) “ 25.6 in., say 

26 in. 

Jack Spacing ^ — When 3 X 4-in. 
spacing should be about as follows: 

Beam Depth 

Up to 17 in. inclusive 
18 in. to 23 in. inclusive 
24 in. to 33 in. inclusive 
34 in. to 47 in. inclusive 
48 in. and over inclusive 


spruce jacks arc used under beams, their 

Jack Spacing 

4 ft. 6 in. 

4 ft. 0 in. 

3 ft. 6 in. 

3 ft. 0 in. 

2 ft. 6 in. 


Taiile VI. — Sizes of (h.KATs on Hkam Sides 


t/d in. 

Oin. 

3 in. 

6 in. 

0 in. 

12 in. 

32 

2X4 

2X3 (22) 
2X4 

2X3 

2X3 

2X3 

34 

2X4 

2X4 

2 X 3 (20) 
2X4 

2X3 (22) 
2X4 

2X3 

36 

2X4 

2 X4 

2X4 

2X3 (20) 
2X4 

2X3 (20) 
2X4 

38 

3X4 

2X4 

2X4 

2X4 

2X4 

40 

3X4 

2X4 (20) 
3X4 

2X4 (22) 
3X4 

2X4 

2X4 

42 

3X4 

3X4 

3X4 

2 X 4 (20) 
3X4 

2X4 (22) 
3X4 

44 

2X6 

3X4 (22) 
2X6 

3X4 

3X4 

3X4 

46 

2X6 

2X6 

3X4 (20) 
2X6 

3X4 (22) 
2X6 

3X4 

48 

2X6 

2X6 

2X6 

2X6 

2X6 

50 

2X6 

2X6 

2X6 

2X6 

2X6 


Spacing other than 24 in. shown thus (20). 
d a depth of beam in inches. 
t n thickness of slab in inches. 

1 Absrtluiw Constniotion Company, Boston, Maas. 
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When the jacks support beam forms which carry a slab load, it is necessary 
to provide for the design of the jack as a column (see Figs. 41 and 42). 

Cleat Spacing .^ — Cleats on beam sides are generally spaced 24 in. on centers 
and are dressed two edges. For beams up to and including 30 in. in depth, 
2 X 3’s are used. For beams of greater depth use the size and spacing noted in 
Table VI: 

6. Make-up of Forms. 

6a. Plant Design. — The lay-out of the plant or construction work 
is generally left to the job superintendent, who arranges his machinery and 



equipment in accordance with his judgment. However, on work of any 
magnitude, it is advisable for the designing office to make a field study of the 
building site and then prepare a plant lay-out and schedule of operations. 
In some companies, a ijroduction or efficiency engineer has direct charge of the 
planning and routing of the construction work. The routing clerk is under 
the supervision of the i)roduction engineer, and has direct charge of the routing 
of the material for the job he is connected with. The production engineer 

and the routing clerk should visit the site and 
1 3 " in company with the job superintendent, locate 

the various parts of the plant so as to secure 
7 |' lo' the greatest efficiency in the unloading and 

handling of material. This inspection (together 
with an accurate map of the site, transporta- 

tion facilities, etc.) furnishes the designing office 

Fio. e.—Markers for lumber piles, with the necessary information for the prep- 
aration of the plant lay-out. 

A typical plant lay-out is shown in Fig. 5 and indicates the location of 
the mixing plant, the cement shed, the lumber piles, the reinforcement storage, 
the mill, the benches, the routing office, etc. From this general plan, detailed 
drawings of the storage places for lumber, reinforcement, etc. can be made. 

‘Aberthaw Construotion Company, Boston, Mass. 
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The lumber storage yard should be located as near the sawmill as is practi- 
cable and should be readily accessible to a railroad siding, wharf, or road. The 
available area should be divided into spaces so that as far as possible, all boards 
of the same width, thickness and length may be stacked in the same pile. When 
the lumber is unloaded from the wagon, car, or barge, it will be carried to its 
proper pile, where it can readily be found when wantcjd. Each pile should have 
a marker or labeled stake in front, as shown in Fig. 6. 

An inspection of Fig. 5 shows the. location of the saw-mill, make-up benches 
and routing office with relation to the lumber yard, the source of raw material, 
and with relation to the building site, the point of disposition of the completed 
form sections. The progress of the raw material should be continuous from the 
unloading of the lumber to the erection of the forms in the structure. 

66. Job Office Methods. — ^The office of the routing clerk should bo 
located near and face the mill and benches. Along the front wall should be placed 
a slightly inclined shelf, upon which the plans and drawings may be placed. 
Underneath are shelves for drawings, order slips, etc., not in immediate use. 
In the center of the front wall is placed a small sliding window, which serves as a 
ticket window through which the order slips arc passed. Upon the rear of the 
office is placed a cabinet or order-slip board. This board has projecting from its 
face three horizontal rows of steel hooks, on which the order slii)s are hung. There 
should be hooks for vertical rows of 
slips for the labor foreman, the mill 
man, and two places for each making- 
up bench, A lay-out of an order-slip 
board for a job with one mill and two 
benches is shown in Fig. 7. 

The order slips are 4 X 5 in., and 
each slip is divided into spaces, which 
are filled in by the routing clerk or his 
assistant with the information neces- 
sary to instruct the men receiving the 
slips as to what is required. The slips 
are of different colors, so that they 
may be distinguished at a glance. There arc six kinds of slips used: Stock order, 
white; mill order, yellow; mill order duplicate, blue; move order, white; bench 
order, orange; bench order duplicate, pink. Each slip has two small holes near 
the top and these provide for the hanging of slip on the cabinet or board. 

The slips should be filled out in triplicate, by placing them in groups of three 
in the following order: Stock order, mill order, and duplicate mill order. The 
same arrangement can be applied to the other three slips. A single holder for 
each set of slips can be made by driving two 20d nails up through a board. 
The bottom ends of the slips may be held in place by a heavy rubber band. The 
slips for stock order, move order, mill order and bench order arc shown in Fig. 8. 

The operations in the make-up of forms will now be explained by the consid- 
eration of the procedure in the construction of the section for the bottom of 
a typical beam. 

^^en everything is ready for making up the forms, the routing clerk will 
place on the middle row of hooks of the order-slip board the order slips for stock 
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to be moved from the stock piles to the mill. On the lower row of hooks ho 
will place the corresponding mill order for the cutting of this stock. The labor 
foreman or move man goes to the routing office window, whore he is handed 
a white slip labeled Stock Order.” The routing clerk stamps the date and time in 
the space labeled ** Issued” just before he hands out the slip. The move man 
goes with the slip to the stock yard and selects the material from the piles, marks 
or tags the boards with their proper numbers and has his laborers carry it to the 
mill. The move man signs the '‘Stock Order” slip and returns it to the routing 
office, where the clerk stamps it again in the space headed "Returned” and places 

it on the upper row of hooks of the 
order-slip board. The routing clerk 
then gives to the move man the next 
order slip from the middle row of 
hooks, and the latter carries out the 
order as before. As soon as a stock 
order has bt^cp filled and the order 
slip mov(id to the upper row of 
hooks on the order-slip board, the 
clerk moves the corresponding mill 
order and its duplicate from the 
lower to the middle row of hooks. 
The mill order is now issued to the 
mill man and the duplicate order 
slip placed on the top row of hooks. 
The mill man takes the stock which 
he finds at the cut-off saw and cuts 
as required by the order. When the 
order is finished he marks the pieces 
with the Af, C, F, or other number 
as stated on the slip, signs the slip, 
which he then returns to the routing 
office, where he receives another order slip. The returned mill order slip is placed 
on file. The routing clerk now issues the move order to the move man, who moves 
the stock listed thereon from the mill to the bench. The move order, when 
returned and stamped, is placed on the top row of hooks, and the bench order 
and duplicate, which calls for the use of this stock are placed on the middle row of 
hooks. The bench order is now issued to the carpenters and is accompanied by a 
blue print sketch df the plan of the panel which is to be made up. This sketch 
would be cut out of the detail form drawing. The duplicate bench order is 
placed on the top row of hooks, upon the issuance of the bench order. An 
inspection of the order-slip board at any time will show the work which the move 
gang, the mill and the benches arc doing. The order on any vertical row of, 
hooks should be kept in the same relative position with respect to its correspond- 
ing orders on other rows; thus if the mill order to cut the stock for beam bottom, 
BB2f is issued just before that for column side, 1C18G, the remaining orders for 
these sections should follow in the same order. ^ 

1 From Concrete, Aug., 1918. Description of a system Initiated by Thompson ft Liohtner, Consult- 
ing Engineers for Aberthaw Construotion Company, Boston, Mass. 
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All order slips should be turned in to the routing clerk at the end of the day, 
or whenever the work called for on the slip is stopped, whether it is completed 
or not. 

The routing clerk should provide for the cutting of all pieces of the same dimen- 
sion at one time, so as to economize time in the setting of the saw-bench stops 
at the mill. Each bench order should call for the make-up of all like sections 
at the same time, so that the carpenters utilize one bench set-up for as long a 
time as possible. It is advisable to cut all the cleats and pile them in labeled 
sections near the benches before the regular work on the boards is begun. The 
cleats may be piled under the benches by the move gang when called for on the 
proper move order. 

6c. Sawmill. — The sawmill should bo located so that the lumber 
will go directly to the cut-oflf saw, then to the rip saw, and then to the bench, 
without moving backward or crossing its path. A mill should be of the portable 
type with a swing cut-off saw and emery wheel, grindstone, etc. The labor crew 
necessary to operate such a mill would be a mill man and a helper. 

6d. Bench Work. — The benches should be located near the mill, but 
at a sufficient distance to allow piling of milled stock which is ready to be made up. 



{Courtesy of Ahertkaw ConsiTud.ion Co,) 
Fio. 9. — View of carpenters’ benches. 


The number of benches required depends upon the size of the job. On a large 
job it is desirable to use one bench for making up column sides, another for beam 
sides, etc. This plan provides for.the maximum use of the same bench lay-out. 
A detailed view of a b^ch is shown in Fig. 9. Form clamps are generally used, 
but where there are a number of panels of equal width, or nearly equal widths, a 
couple of hardwood eccentrics, bolted to turn on the table, can be used. The 
cleat strips should be spaced in accordance with the standard cleat spacing, about" 
2 ft. A thin steel plate is fastened on the top of the bench between each pair of 
strips and serves to turn and clinch the nails as they are driven through the cleats 
and boards. There should be one skilled carpenter and one assistant for each 
hemah* 
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6. Erection of Forms. — As soon as a form section is completed it is placed in a 
pile of similar form sections near the benches. The surfaces of the forms, which 
are to be in contact with the concrete, are given a coat of light lubricating oil. 

Several hours before the forms are to be used they should be moved on to the 
building site and stacked near the place where they are to be erected. The 
movement of the forms from the finished piles should be made by the move gang 
according to directions given by the routing clerk. 

The erecting of forms is done by carpenters under one or more move gang 
foremen. These foremen receive their instructions from the routing clerk on 
written tickets and use tlicra for the direction of their men. The stripping of 
forms is done by a stripping gang and foreman, and the moving by the move gang 



{Courtesy of Aherlhaw Construction Co.) 
Fia. 10. — rorms for second story of building. 


and foreman. A construction and inspecting or a carpenter foreman has super- 
vision of these three classes of gangs, and inspects, instructs or disciplines them as 
occasion requires. The erection, move and stripping foremen receive written 
instructions similar to the tickets used in making up of the forms. 

As far as possible all form sections of a kind should be erected at one time, 
that is, the column sections of one story be assembled, erected and braced before 
the erection of the remainder of the formwork is begun (Kg. 10). In a building 
covering a large area, it will probably be advisable to erect the forms for only one 
section pf each story at a time. ^ 

^ . The method of framing and erection of the studding or wall framing of a frame 
house can be used to advantage in the erection of the supports for a flat slab floor. 
All the posts in a transverse line should be laid flat on the floor in their proper 
position, and the girt or heading piece nailed to their outer ends. The scabs and 
bracing should then be nailed on and the bent weU tied together. The bent can 
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be easily raised into position by several laborers and held in place temporarily 
by longitudinal and diagonal floor braces. This method can be efficiently used 
for the assembly and erection of the centering or supports for floor panels, beams 
and girders. 

The construction and inspection foreman should inspect the erection work 
sufficiently to insure that tlie forms are in their proper location, as shown by the 
Key Plan (see Fig. 2). The forms should be in jjropcr alignment, well nailed 
preferably with double-headed n^ils and all bevel tenon strips, etc., should be in 
place. These strips should be put on the forms by the bench carpenters and not 
by the erection gang. High priced carpenters should not be employed in raising 
and holding form sections in place during erection. Tliis class of work should be 
done entirely by laborers. Column and beam forms should be well braced so that 
the pouring of the concrete will not cause their distortion, or deflection. Distorted 
or displaced forms can be remedied during the pouring of the concrete, but under 
no conditions should the forms bo moved after the concrete has begun to harden. 

7. Removal and Re-use of Forms. — The removal of forms should be done by 
ordinary laborers under the direction of an experienced labor foreman. Care 
should be taken to preserve the sections intact and not injure the corners or sur- 
faces of the concrete. Wrecking tears should be used. All form sections should 
either be removed to the place wh^ they are to be used again or taken to the 
mill for re-making. On large jobs it may bo advisable to use a portable saw 
operated by a small electric motor, and the whole self-contained on a frame-work, 
that can be raised from floor to floor as the work progresses. The forms to be re- - 
made can then bo raised directly to the next floor and be cut without the expen- 
diture of the extra time for lowering them to the ground and raising them again. 

The time of removal of the forms depends on the character of the concrete, the 
location of the form, the temperature and moisture conditions, etc. The column 
sides can be removed first in from 2 to 4 days, care being taken to provide 
sufficient shoring for the slabs, beams and girders. The slab forms and beam 
sides may next be removed in from 7 to 14 days from time of pouring. The 
beam and girder bottoms, with their supports, should be left in place from 
10 days to 3 weeks after pouring. The girder sides are removed after the 
beam sides, and the girder bottoms should be left in place after the r^Qval of the 
beam bottoms, especially when the beam sides and bottoms are removed as units 
and under light loading and favorable temperature conditions. The wall forms 
are usually built independent of other forms and can be removed as soon as the 
concrete has become sufficiently hard. 

The forms should be thoroughly cleaned and re-oiled before stacking for 
erection in a new locp^tion. All rough surfaces should be smoothed and repairs 
made to put the sections in first-class condition. 

8. Forms for Buildings. — In the preceding articles concerning the design, 
make-up, erection and removal of forms, some reference has been made to the use 
of forms in building construction. It is the purpose of this article to discuss ^ 
more fully some of the details of forms for the various elements of a reinforced 
concrete building, namely; walls, columns, beam and girder floors, flat slab 
floors and miscellaneous structures, such as stairwa 3 rs, cornices, etc. 

8a. Walls. — ^Wall forms may be of two t 3 rpes, continuous and panel. 
The former type is best adapted to low walls where the breaks are uniform and 
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similar in character, as in a one- or two-story building or the basement wall of a 
higher structure. The continuous type of wall form for a low wall such as the 
cellar or basement wall of a building consists of 1 in. boarding nailed to vertical 



studs and held in place by horizontal and 
diagonal braces. Figure 11 shows a cellar 
wall. Where the outside earth is hard and 
firm no formwork is necessary below the 
ground surface. Figure 12 shows the form- 
work for a low wall where there is no cellar 
or basement below grade. Note the method 
of supporting the forms on the ground over 
the foundation wall. 

Panel or sectional forms are generally 
more efficient and economical for walls of 
appreciable height. The size of the form 
depends on the panel length of the build- 
ing and the weight that can be handled. 
The essential parts of a panel form are the 


sheeting or planking, the studs and the wales. The sheeting is nailed to the 
vertical studs, which are held in place by horizontal wales or waling pieces. 


The latter are single timbers, or in some cases, two smaller timbers set edgewise 


against the studs and spaced apart to allow the tie-bolts to be carried through. 



^ Fio. 12. — Self supporting wall form. 

Wire is often used for tieing the opposite wall panels together and is tightened by 
wedges or twisting the wire. Spreaders of wood or metal pipe hold the adjacent 
sections the proper distance apart, and are removed as the concrete level rises. 

Figure 13 shows a typical wall panel construction used by the Turner Con- 
struction Company of New York. In this case the wales or rangers are sin^e 
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Botfcn t 


timbers and the studs are double timbers separated by block spacers. Bolts are 
used as ties and the spreaders are iron pipes, through which the bolts pass. 
Several methods are used for removing the bolts upon the removal of the form 
panels. The simplest method is to 
place a wood washer at each end of 
the pipe adjacent to the form and 
these can be readily cut out of the 
wall after the bolts are withdrawn 
and the panels removed. The block 
holes can be easily pointed up. 

Another method consists in having 
the bolt made in three pieces, with 
the middle piece connected to the 
end pieces by ordinary unions. The 
end sections are removed by a few 
turns of their heads with a wrench, 
and the holes are plugged with cement 
mortar after the removal of the 
forms. 

Several special patented devices 
are used to tie wall form sections 
together and are based on the prin- 
ciple of removable end sections 
provided with means of tightening 
the tie to draw the panels into line or 
to the required spacing. Figure 14 
shows the three section bolt used in battered wall work, with “Universal Cone 
Nuts, ” as made by the Universal Form Clamp Company, Chicago, 111. Figure 15 
shows a unique combination of a central wire section and end bolts, called 



Fig. 13. — Form for ourtain wall of building. 



FiQ. 14. 


“Tysem," marketed by the Uni1>-Wall Construction Company, Now York. 
Figure 16 shows a combination rod and wire ti^tening or twisting brace, which k 
made by the UniTersal Form damp Company, Chicago, lil. 
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For high walls, the form panels may be made large and raised by jacks sup- 
ported on a gallows frame (see Fig. 17). 

The formwork for the coping of a brick or concrete wall is clearly shown 
in Figs. 18^ and 19.^ A simple form for a window sill is shown in Fig. 20.^ 

No*e 



Fig. is. — S potiorml view of coping forms. 


86. Columns. — Columns of reinforced concrete buildings are gen- 
erally square, rectangular or circular in section. Occasionally the corners of 
the square and rectangular columns arc chamfered. The square and rectangular 
columns are built with wood forms, while the circular column is generally 
made in a metal form or mould. 



Column forms are made in sections, each section or panel forming a side 
which is made up, erected and removed as a unit. Wood panel units consist of 
the sheathing or lagging which is held together by the yokes which act as cleats 
1 Aberthaw Construction Companyf Boston. Mass. 
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and also serve as clamps to hold the panels in place. The forms are built and 
erected complete for a full story in height. An opening is left at the bottom as 
a ** clean-out” for the removal of sawdust, shavings and dirt after the form is 
erected and before the concrete is poured. 


• fillet in 



set in as s/fotrn bfhfnct 
boerdiry 


behind cleats 


Fio. 21. 


The upper section of a typical form for a square column is shown in Fig. 1. * 
Note the simple method of holding two opposite sides of the form together by the 
long bolts, and the other pair of sides by the hardwood wedges. 

Column form panels arc often made up of narrow sheathing strips in order 
that a reduction in the size of the column may be made in the upper stories. 



umn clamp. 

This method applies especially to interior columns, as exterior columns are gen- 
erally made of the same width throughout the height of the building. The method 
of reduction used by the Aberthaw Construction Company, Boston, Mass., is 
shown in Fig. 21. 
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A form with yokes used in sets of alternate yoke and bolt is shown in Fig. 22. 
At the lower section of the figure, the yokes are shown as made up of two timbers 



Fr« 27. — Form ooiistruction of wall column with haunch. 


each and separated by a space equal to the bolt thickness. In Fig. 23 is shown a 
column form, the yokes of which arc lined up and tied together with vortical or 



Fig. 28. — Bush systom of exterior column forms. 

wedging strips. The form shown in Fig. 24 uses vertical angle irons at each 
comer to brace and tie together the cleats. The bracing is done by bolts run 
through the legs of the angles at frequent intervals. 
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A detail view of the formwork for a t 3 rpical exterior column is shown in Fig. 
25.^ Details of the forms for comer columns are shown in Fig. 26.' The 
arrangement of the formwork for a wall column with haunch is given in Fig. 
27.' The Bush type of form for an exterior column is shown in Fig. 28 and is 
used by the Turner Construction Company, New York, N. Y. 



29. -Gemco square column clamp. 



Fic3. — Gomco round-column clamp. 


Various types of special or patented clamps are on the market, and require 
no wood framing to hold the column sections or panels together. Figures 29 and 
30 show the Gemco clamps for square and round columns. The Sterling clamp 
is shown in Fig. 10 and the Universal, for round columns, in Fig. 31. A simple 
W('dge clamp is the K. & W. clamp composed of stool bars (see Fig. 32). The 
construction and method of operation of these clamps is easily understood from 
an inspection of these illustrations. 




Fiu. 31. — Universal round- 
column clamp. 

Interior columns of reinforced concrete buildings of the flat slab floor type 
are generally circular with flaring column heads. Sheet steel has proved to be 
the most adaptable material for such columns, as it is light, adjustable, and can 
be utilized economically. 

Metal column forms are described in detail in Art. 13. The method of 
joining up the column heads to the formwork of a drop panel of a flat slab floor 
is shown in Figs. 38 and 39. 

> Aberthaw Construotion Company, Boston, Mass. 




Fiu. 32. — K. and W. clamp. 
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8c. Floors. — ^The floors of reinforced concrete buildings are of 
three types: Flat slab or girderless, beam and girder (panel), and slab. 


■BipMlilWlil 


.•X tnetteafes cenivrinf 
' posts under girts 


II 


Fig. Assembly plan for exterior bay- flat slab floor. 

The flat slab or girdcrkvss floor consists of a slab supported at regular inter- 
vals (generally the corners of square areas) by columns. There may or may not 
be a plinth or depressed portion of the slab over the column head. Due to regular 


m '^InAcdhes 

centering posts 
under girh 

Fig. 34. — Aewmbly plan for interior bay — flat slab floor. 

sized bays and simplicity of construction, the flat slab floor involves simple and 
inexpensive formwork. The details of the forms for the drop jpanel, flat slab 
floor, used as a standard by the Aberthaw Construction Company, Boston, Mass.^ 
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are shown in Figs. 33, 34, 35, 36, 37, 38 and 39. It will be noted that the essen- 
tial feature of the formwork ^ is a simple floor construction of girts and 
joists, supported at regular intervals on posts. On the tops of the joists are 
laid the floor panels of ^^-in. sheathing, plain steel or corrugated steel. The 



Fig. 36. — Assembly plan for interior bay — ^flat slab floor. 


The beam and girder (panel) type of Boor consists of a system of girders 
supported on columns at regular intervals, and in their turn supporting beams 
wUch carry the floor slab. The square or rectangle included within the four 
adjacent columns is called a floor panel, the structural members of .which are 
generally two girders, two or more beams and the slab. The formwork for this 
type of floor is considerably more complex and expensive than for tibeflat slab 
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type, as may be seen from an inspection of Figs. 1 and 40. It will be noted that, 
in Fig. 40,^ the girder sides are made continuous, and that the bottom edges of 




—over Ou^^ide booret 
Should be over tr> tv,ath 
If board spans from joist 
to phnth Side scobs on ends 
of jOtsfs mot^ bt, omtted 


Fig. 30. — Assembly plan for drop panel. 



Fio.' 40. — Beam and girder floor system. 


haarn and girders and their intersections are beveled by the use of skewbacks in 
the forms. The form units, beam and girder sides and bottoms and slab 

* Turner Construction Company, New York, N. Y. 
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panels are made up separately (see Art. C) and set up in place after the column 
forms are erected. The relationship and sizes of the various parts of a system 



5ecfion BB 

Fzo. 42. — Details of beam and girder floor formwork. 

Bpreading due to the pressure of wet concrete. The spacing of the jacks is given 
In Art. 4c. The beam sides are made of IHe-in. white pine S4S and the bottoms 

I Abertbaw Constniotion Companyi Boetoiii Mass. 
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of 1%-in. white pine S4S. The spacing of the joists (lcp<mds on the weight of the 
floor slab to be supported. The ends of the joists arc supported on joist bearers or 
ledgers which are fastened directly to the cleats on the beam or girder sides. 

The slab type of floor consists of panels in which the slab acts as both beam 
and slab and is supported by girders which are carried by columns at the corners 
of the floor panels. This form of floor is constructed by the use of cores of wood 
or metal set in lines parallel to one direction or side of the panel. The spaces 
between the adjacent lines of cores form the beam stems, while the slab lies 
above the tops of the cores (sec Figs. 90 and 91). 



A simple type of core form w^as used at the University of Wisconsin, (see 
Fig. 43), and consisted of metal covered boxes supported in two directions on 2- 
in. planks. A novel form of collapsible core box is shown in Fig. 44. The molds 
are made in two equal sections with a hinged joint through the longitudinal center 
near the upper surface, and held apart by transverse struts between the lower 
edges. The beam is formed in the space between adjacent molds and a plank resting 
on strips nailed to the sides. The girder is molded in the space between the ends 
of the molds in one panel and the corresponding molds in the adjacent panel. 

The use of metal cores for slab form construction is described in Art, 13. 



Fig. 44. 


8d. Miscellaneous. — There are some sections of a reinforced concrete 
building which are so irregular in design and shape that it is necessary to construct 
special forms of a rather complicated type for them. Two typical examples 
of this special construction are the stairway and the cornice. 

As a reinforced concrete stairway is generally an inclined slab with projec- 
tions to form the steps, the formwork must provide for the support of the wet 
concrete on a slope and give final shape to the stairway. The system of forms 
used by the Turner Construction Company, for a typical two-flight stairs with 
intermediate landing, is shown in Fig. 45. Note that the forms are supported 
by posts called "hangers,” which are bolted to the side walls of the stadbrwell^ 
The cornice of a building is generally molded independent of the TnifL^ frame- 
work, especially if the cornice is large and a special feature of the arqhitecttiral 
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design. As the cornice is a projecting member, a special framework must be built 
to support the forms and placed concrete until set. Figure 46 clearly illustrates 



Fiq. 46. — Supports and forma for cornice. 


the formwork used by the Turner Construction Company. The projection of 
the cornice beyond the face of the building is provided for by a whole system of 
brackets which can be adjusted independently of each other by wedges. 
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face trtner 
form kviihNofO 




9. Forms for Walls, Bins and Tanks. — Forms for walls with plain surfaces 
are described in Art. 8(z, so that this section will be devoted to a discussion of 
curved walls, which are largely used in cir- 
cular bins and tanks. 

Forms for curved walls may be of wood 
or sheet metal, generally steel. The forms 
are generally built in rings or lifts of from 
2 to 4 ft. in height, each ring or lift being 
made up of several segments. Those seg- 
ments arc bolted together through flanges 
at their abutting ends, and arc also braced 
and held in position by horizontal ribs, 
which arc generally part of the sections. 

The various parts of a simple form for a 
small circular bin or silo are shown in Fig. 

47.^ Note that the sections arc held to- 
gether by 2 X O-in. connection strips 2 ft. 

6 in. long bolted top and bottom to the 
ends of the section ribs. Wedges are used 
to line up the forms to the correct position, and also provide for their 
easy removal. The outer form is made of two sections of galvanized sheet steel 
fitt('d with lugs for tightening and hooks for handling. The following table^ 
gives the dimensions of th() forms for various sizes of silos: 



( Cui" ouf- 

1 for ^ A ^*4 

/ Ctjf- off oroterf-^ ^ ^ 


formJ^oW 
gua^e ^o/f /roo 



Fitj. 47. — Form for smull circular bin or 
silo. 


Dimensions op Inner and Outer P’orm Sections 




Inner form 


! Outer form 

IriHide diam- 
eter of silo 
(ft.) 

Niiinbcr of 
sections in inner 
form 

LenKth A 

Length B 

20-gaRO galv. 
iron 3(1 in. wide, 
length of each 
piece 

18-gage galv. 
iron 36 in. wide, 
2 pcs., length o 
each piece, C 

10 

6 

5 ft. 0 ill. 

4 ft. 7^2 in. 

5 ft. 2% in. 

18 ft. 3 in. 

12 

8 

4 ft. in. 

4 ft. in. 

4 ft. 8H in. 

21 ft. 5 in. 

14 

8 

5 ft. 4 in. 

4 ft. nVi in. 

5 ft. 6 in. 

24 ft. 7 in. 

16 

8 

G ft. 1 in. 

5 ft. in. 

6 ft. 3 in. 

27 ft. 9 in. 

18 

8 

6 ft. lOK in. 

6 ft. m in. 

7 ft. 0% in. 

30 ft.lOKin. 

20 

10 ! 

0 ft. 2 in. 

5 ft. to in. 

G ft. 3 in. 

34 ft. 0 in. 


Material for 14-ft. silo form: 

5 pieces 2 X 12 X 16 ft., for ribs 

1 piece 2 X 12 X 6 ft., for ribs 

4 pieces 2 X 6 X 12 ft , for studding 

6 pieces 2 X 4 X 12 ft., for studding 

4 pieces 2 X 6 X 10 ft., for connections 

3 pieces 2X6X8 ft., for continuous door form 

2 pieces 2 X 2 X 8 ft., for continuous door form 
64 pieces M X 4J^-in. carriage bolts 

2 pieces 18 gage galvanized iron, 3 ft. wide, 24 ft. 7 in. long 
8 pieces 20 gage galvanized iron, 3 ft. wide, 5 ft. 6 in. long 
Nails, rivets, lugs, hooks, wedges, etc. 

1 CoDoreto Silot. Portland Cement AsBoolation. 




92 REINFORCED CONCRETE AND MASONRY STRUCTURES [Sec. 2-9 


An example of the use of wooden forms for a circular bin or tank is shown in 
Fig. 48. This form design^ was used in the construction of a concrete water 
tower at Victoria, B. C. The structure consisted of a hollow cylinder of plain 
concrete, 109 ft. high, an inside diameter of 22 ft., walls 10 in. thick for the first 
70 ft. and 6 in. thick for the upper 39 ft., and ornamented with six pilasters 3 ft. 
wide and 7 in. thick. Collapsible forms were used throughout for the interior of 
the tower. These forms were made in six sections and a key, 6 ft. high and used 
in three tiers bolted end to end horizontally and to each other vertically. The 
outside forms were also made collapsible for the main body of the tower and con- 
sisted of six sections for the wall between pilasters and six pilaster sections. 
All the sections were bolted together circumferentially and made as shown in 
Fig. 48. 



Jnsicfc for/n 


Fio. 48. — Forms for concrete water tower. 

The form sections were used in three tiers and were operated as follows. 
After the concrete had been poured and set in the top tier, the horizontal bolts 
in the lower inside and outside forms were removed, as was also the small key 
section on the inside. The lower forms were then hoisted by hand, using four- 
part tackles, and placed in position on the top tier. The adjacent flanges were 
carefully aligned and bolted together. The column sections in the outside and 
the wedge and key sections on the inside, were set last. The forms were aligned 
from a plumb line suspended from the inner scaffold an^ centered over a point 
set in the rock at the base of the tower. The upper right-hand corner of Fig. 48 
shows the method of splitting outside form sections longitudinally to form the 
forms for the wall sections and small pilasters of the top part of the tower. 

The concrete grain bins of the Canadian Pacific Railway at Port Ontario, 
Canada, were built with movable cylindrical forms 4 ft. high. The curved 
surfaces were made of 2-in. vertical planks spiked to inside and outside circular 
horizontal chords. The latter were made like ordinary arch centers with four 
thicknesses of 2 X 8-in. scarfed planks bolted together to break joints and make 
complete circles inside the tanks and circular segments of 270 deg. or less on 
the outside of the tanks. The forms were faced with No. 28 galvanized steel, 
and were maintained in concentric positions with a fixed distance between them 
> **A Concrete Water Toweri" by A. Knif pxbt, Jr., Tram, A. 8. C. E., Vol. LXX, 1910. 
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Fio. 49. — Metal form unit for circular wall. 



{CowUty of Moial Formo CorporoHm) 
Fio. 60. — Use of metal form units in large circular tank. 
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by means of 8 U-shaped steel yokes in radial planes. Each yoke consisted of an 
inside and an outside vertical post with a radial web and flanges engaging the inner 
and outer faces of the circular chords. The posts projected about 2 ft. above 
the tops of the forms and were rigidly connected there by means of heavy braces 
and an adjustable tension rod. These yokes were bolted to the inner and outer 



(Cottffety 0/ Metal Forma Corporation) 
Fio. 51 . — Ubo of metal form unit in iiine*bin elevator* 


chords of the forms and virtually united them in a single structure. The lower 
ends of the vertical yoke posts were seated on jackscrews, which were supported 
on falsework built up inside the tanks as the walls progressed. The inside surface 
of the mould was a complete cylinder, but the outer surface was made in two, 
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three or four sections to allow for the connections between the concrete walls 
at the points of tangency of the different tanks. 

Metal forms are in common use for the moulding of circular walls for bins, 
tanks and towers These forms arc often made in standard size units which 
are easy to handle and assemble. A typical unit is made of No. 10 gage sheet 
steel stiffened vertically by 1 X 1-in. angle irons riveted to the edges, and hori- 
zontally by 1-in. band iron similarly riveted to the top and bottom edges. Two 



{Courtesy of Blaw-Knox Co.) 

Fio. 62 , — Motol forms for heavy circular wall. 


sets of pint"", one concave and the other convex, compose the inner and outer 
shells of the form. Different curvatures are secured by the use of fractional 
plates of various widths. The height of these plates is generally 2 ft. and three 
tiers or rinp are used, the lower course being removed and placed on the upper 
course successively as the work progresses. Figure 49 shows a unit made by 
the Metal Forms Corporation, Milwaukee, Wis. This plate can be bent to 
any practicable radius. Note the side clamps to lock the side flanges of the 
plates together. The hook clamp at the center of the top edge engages a raised 
rivet on the bottom edge of the plate above, making a smooth, tight joint. 
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The use of the metal form unit in the construction of a concrete slime settling 
tank 44 ft. in diameter is shown in Fig. 50. The construction of a nine-bin 
grain elevator with the metal form units is shown in Fig. 51. These bins were 
built integrally and each bin had an internal diameter of 10 ft. 

Heavy circular walls are sometimes built in long sections of forms which are 
well supported, inside and outside, by circular ribs fastened to vertical posts 
spaced at regular intervals about the circumference. Figure 52 shows this typo 
of formwork. 



{Couriety of Aberthaw Constmetion Co.) 
Fig. 53. - -Metal forms for large standpipe. 


Steel forms for the Waverly, R. I. standpipe were made of IJi-in. boiler 
plate reinforced on sides and vertically with 3 X 3 X >^-in. angles (see Fig. 53). 
The inside form was made 6 ft. high and had a key section in which the plates 
lapped about 6 in. On either side of the joint, angles were riveted to the plates 
and connected by short turnbuckles, so that the whole form could be sprung 
in and reduced in diameter and be raised. The outside forms were made in 
seven segments and 3 ft. high. Two complete sections were used. When one 
3-ft.' section had been erected and the concrete placed, the next section was 
placed on top and another layer of concrete placed. On the outside forms aU 
rivets were countersunk and the faces of angles making joints were machined to 
secure a smooth fit and thereby a smooth outside surface to the concrete. 

A movable steel staging was located inside the tower and comprised four, 
6-in. channels in the form of a cross joined at the center with a standard connec- 
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tion. Around these channels were bent two channels in concentric circles of 
14- and 19-ft. radius, and braced with 2 X 2 X K-in. angles. The floor was plank, 
giving a platform 5 ft. wide around the inside of the tank. This platform was 
raised as the work progressed and held in place by 4 X 4-in. guide posts spaced 
45 deg. apart. 

10. Retaining Walls and Dams. — ^Formwork for retaining walls is very 
similar to that for the walls of buildings, especially the basement walls below 
grade. 

The essential parts of the formwork are the wall sections and the bracing 
(see Figs. 11 and 12). The forms may be made continuous in place or built 
in sections or panels and set in position as required. The latter method is the 
more economical where a considerable length of wall of the same cross-section 
is to be built. The principal elements of the wall forms are the sheeting, board- 
ing or lagging, the joists or studs, the rangers for a high wall, tic rods ox wire tics 
and spreaders. The pressure of the wet concrete is carried from the lagging tp 
the studs and thence to the rangers and bracing to the ground. 

The design of the forms is like that for walls, and the tables and diagrams given 
in Art. 4 may be adapted for this purpose. It should be noted that the deflection 
of the form panels should not exceed H in., and that the lagging should be 
designed as simple beams. In order that the deflection may not exceed }4 in. 
on the basis of a simple span, the distance between adjacent joists, in feet, should 
be less than 25 times the square root of the thickness of the lagging, in inches, 
L< 25\/h. 

The tie rod is designed as a tension member, and its diameter will depend on 
the location and the area of adjacent panel supported. The unit stress in the 
steel is generally taken at 16,000 lb. per sq. in. The following table gives the 
loads which tie rods of different diameters at various unit stresses will carry. 


Loads on Tie Rods 
(Pounds) 


Rod diameter 
(in.) 

Allowable unit stresses 

12,000 

16,000 

20,000 

24,000 

• ^ 

150 . 


250 

295 

H 

590 


980 

1,190 

% 

1,320 


2,200 

2,650 


2,350 


3,900 

4,700 

% 

3,700 


6,100 

7,400 

H 

5,300 

7,000 

8,800 

10,300 

% 

7,200 


12,000 

14,300 

1 

9,400 


15,700 

19,000 

IH 

14,800 


24,600 

29,500 


The formwork for concrete retaining walls used by the C. B. and Q. Ry. Ck>. 
gives a good example of a combination of continuous and sectional forms; the 
septvo^sal part eonsisting of the studsi coping and bottom forms for the facSi and 
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the sectional forms or panels for the back of the wall. Sectional forms were found 
to be impracticable for the face of the wall, due to warping and the impossibility 
of securing close joints between adjacent sections. Hence, continuous forms 
were used in order to secure a smooth and clean wall surface (see Rg. 64). 



It was found necessary to tie down the forms by 3 X 8-in. braces extending 
from the vertical studs to 2 X 2-in. stakes set out several feet beyond the face of 
the wall. The braces were placed from 6 to 10 ft. apart, depending on the 
height of the wall. 

The concrete retaining walls of the yards of the Grand Central Terminal were 
from 11 to 2G ft. in height with battered faces and rear offsets 3 ft. in height. 

The forms were made in sections 52 ft. long 
and formed of 2-in. pine planking, ship-lapped 
Vz in. and laid H in. apart to allow for 
swelling Five lines of 6 X 6-in. wales were 
held together at the corners by U-straps of 
2 X Jij-in. iron bolted to the longitudinal 
pieces and projecting to engage the cham- 
fered ends of the transverse wales. The 
transverse bolts or ties were pairs of hori- 
zontal yi-in. rods spaced in< apart, en- 
gaging cast-iron sockets, which were secured 
to short bolts passing through the hori- 
zontal walls and secured by washers and 
nuts (see Fig. 55). After the concrete had set, the nuts were unscrewed and the 
bolts removed, leaving the rods and castings in the wall. The form panels 
weighed from 2 to 3 tons and were handled by the 45-ft. boom of a locomotive 



Fro. 65. — Detail of retaining wall 
forms — Grand Central Terminal, New 
York. 
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crane. The first section was assembled with both ends closed by sheeting. 
Later two sections were used and sections were built on both ends alternately, 
allowing the concrete in one section to set while another section was being built. 

The forms for heavy walls are sometimes made in sections and mounted on 
travelers, which allow of their easy transfer from one place to another as the wall 
is built, section after section. The form panels may be built of wood or steel, but 
the traveler is generally a structural steel framework which moves along a track. 
When the wall is so placed that the track can bo laid on one side of the wall only, 



(Courtesy of BUiw-Knox Co.) 
Tio. 50. — Gantry traveler for heavy wall forms. 


the cantilever type of traveler is used. This consists of a structural steel frame, 
mounted on a truck, and projecting up and over the wall so as to engage the 
forms by means of hangers and jacks. The forms are adjusted by means of these 
hangers and jacks to their proper elevation and alignment. Thus the forms for 
the face and back of the wall are moved and set in one operation. When it is 
possible to have the track on both sides of the wall, the gantry type of traveler is 
used. As shown in Fig. 56, one rail on each side of the wall is required and the 
structural frame straddles the wall. The forms for both faces of the wall are 
attached by hangers and jacks to the frame. 

The concrete pressure is distributed from the sheeting or plates to the studs 
or reinforcing anises, then to the wales and thence to the trusses of the traveler. 
Oeneittllyi one row of tie rods is used near the base to tie the trusses together to 
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take the pressure of the wet concrete. Occasionally it may be possible to secure 
sufficient bracing at the foot of the wall to take this pressure, in which case all tie 
rods can be eliminated and the thrust taken by the traveler. This requires a 
heavy traveler, well trussed and braced by a system of wedges and jacks between 
the wales and the traveler frame. 

Forms for dams arc generally built in sections or panels and moved up in rows 
or tiers as the wall is built, as is described in Art. 9 for curved walls of bins and 
tanks. The sections are attached to the completed wall by bolts or rods, the 
outer fastenings of which are easily removed when it is desired to move the 
sections up to a new position. This type of form provides for the enclosure of a 
vertical or inclined surface of concrete without outside bracing and independent 
of any other part of the structure. The strength, weight and surface of the last 
completed course is utilized to hold the forms in place, preserve their alignment 
and resist the thrust of the wet concrete. 

^ In the building of the massive walls of the dam, power house and ship locks 
of the Tennessee Iliver power development at Hales Har, near Chattanooga, 
Term., adjustable, movable, cantilever forms were used. The forms were made in 
sections or panels 15 ft. long, each of which had a single adjustable shutter of the 
same length and 5 ft. high to correspond with the depth of the course, and was 
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i‘.Separaforh 
Fig. 57. — Adjustable form for heavy battered wall. 


made with horizontal 2-in. planed 
planks ship-lapped and nailed to 
transverse 2 X 4-in. outside cleats 
5 ft. apart. The horizontal lower 
edge of the panel rested on a 
single corresponding plank, which 
for most of its width, engaged the 
upper edge of the last completed 
course of concrete, protecting the 
latter and locating the plane. 
The principal supports com- 
prised 6 X 8-in. cantilevers 12 ft. 
long and 3 ft. apart. They were 
anchored to the concrete with 


J^-in. bolts, 3 to 4 ft. long and 3 ft. apart, set in the concrete. The vertical studs 
were aligned with three horizontal 4 X 6-in. wales and wedged against them 
(see Fig. 57). 

In the construction of the great reservoir dams of the U. S. Reclamation 
Service, the movable, adjustable type of form panel supported entirely by the 
concrete of the dam, was used with great success. Figure 58 gives the details of 
the simple wooden panel supported by bolts anchored back into the concrete for 
the construction of the Elephant Butte Dam. The panels were 18 ft. long, 4 ft. 
high, and for the downstream face were lined with No. 24 gage sheet metal to 
give this surface a more finished appearance. 

The use of panels on a dam of curved alignment or so-called arch t 3 rpe, is 
shown in Fig. 59. Note the method of anehoring to the concrete and the canti- ^ 
lever frame to resist the thrust of the wet concrete. On the downstream face 
where the batter and curvature introduced a little complication, the V-shaped 

> Engineering Record, April 24, 1000. 
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opening between the ends of the panels was closed with a piece of light metal; and 
every ten panels in height, when the width of opening amounted to 5 in., the forms 
were set in close contact again, moving them towards the center between contrac- 
tion joints. As the radius of curvature changed for every row of forms, on the 
downstream face, it was necessary to have them set each time by the field party. 

11. Forms for Open Channels, Culverts and Bridges. — This article will 
discuss formwork for open channels or waterways, box culverts and for slab 
and girder bridges, leaving to Art. 12, a description of forms for channels of 
curvelinear section, such as pipe, siphons, arch culverts, tunnels and closed 
conduits. 

During recent years, the lining of open earth and rock channels of irrigation 
systems in the arid West, has necessitated the use of concrete forms. Figure 60 



Fia, GO. — Form for lining channel with concreto. 


shows a unique form whieh was used by the U. S. Reclamation Service at El 
Paso, Texas, to line an old channel with eonerete. The unique device for moving 
the form section for the earthwork is shown in detail. 

Open channels above the ground surface, or flumes, have been built of rein- 
forced concrete on several large irrigation projects in recent years. These flumes 
are of two general types ; the flume with bell-and-spigot joints, and the flume with- 
out joints. Figure 61 shows the formwork used by the U. S. Reclamation Service 
at King Hill, Idaho, for a flume of the bell-and-spigot type. The formwork for 
flumes of the continuous or “without joints” type are very similar, consisting 
of panels or sections supported by braced frames or bents, which also carried the 
runway over which the concrete was transported. The forms are generally made 
in sections of about 16 ft. in length and were set up as follows. The outside 
panels together with the posts and templets were set up and held together by top 
cross-braces. The steel reinforcement was placed, and the inside panels and posts 
were suspended from the top cross-beams. Then the inside templets were placed 
on the brackets and all securely braced by the struts and diagonal braces. Bulk- 
heads were used in the forms at the end of each day’s work. 

Box culverts have been extensively used in replacement work in railroad 
construction. The formwork is plain, simple and requires little space, especially 
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Fiq. 61. — Forms for bell and spigot type of concrete flume — U. S. RocUimation Service 

consists of the inner box and the outer panels, which are braced back to the earth 
or embankment on each side. Forms of this type are used for culverts ranging 
in size from single 4 X 4 ft. to double 20 X 20 ft. and triple 16 X 20 ft. 

The formwork of a reinforced concrete box culvert used in highway construc- 
tion is shown in Fig. 63, which is taken from a model of the U. S. Bureau of 


^fsT^Oott 


/t'oi^te£ 



Fm. 62. — Forms for 10 X 10 ft. reinforced concrete box culvert — C. B. & Q. Ry. 

Public Roads. The wing wall forms, are at the side wall panels at B and 
the reinforcing steel at C. Figure 64 illustrates the complete forms for a small 
box culvert and head wall. 

The formwork for a slab and girder bridge consists of the substructure or 
falsework and the superstructure of slab and girder panels and thm supports. 
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Figure 65 shows a design prepared several years ago by the Illinois Highway 
Commission to furnish contractors with an approved method of building formwork 
for a standard through slab and girder type of reinforced concrete highway 



{Courtesy of U. S. Bureau of Public Roadh) 
Fig. 06.- -Forms for typical highway bridge of encased I-beam typo. 


bridge. The wedges on tlic top of the posts of the falsework furnish an easy 
method of removing the lower form panels after the side panels arc taken oflf. 
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Fio. 67. — Panel forms for bridge abutments — U. S. Reclamation Service. 


The essential parts of the forms for a small highway bridge are given in 
Mg. 66, which is a view of a model of the U. 8. Bureau of Public Roads. Note 
the wing wall forms at E, and the balustrade forms at F. 
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The details of the panels for small concrete bridge abutments of the U. S. 
Reclamation Service are given in Fig. 67. The wings in this case are at right 
angles to the face wall. 



(Courtesy of U. S. Bureau of Public Roads) 
Fio. 68. — Formwork for multiple span through girder bridge. 



(Courtesy of U, 8. Bureau of PuMia Boado) 
Fia, 69. — Formwork for small highway bridge. 


The falsework and forms for a multiple span through, slab and gilder bridge 
are dearly dtown Ib Fig. 68. Note the simple pand construotion of the pier 
lonna anil tho thorough bradng of the side paods of the girder. 
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In Fig. 69, the side form panels of the girder are braced back to the ground 
and the coping form is held in place.by vertical wedges. 

. The details of the formwork for a deck girder in Indiana are shown in Fig. 70. 
The falsework comprises several parallel bents of heavy timbers supported on mud 
sills or leveling blocks. The whole superstructure is carried on parallel lines of 
3 X 12>in. stringers and deck plank of the same size timber laid on side and trans- 
versely. The railings are C X 8-in. precast concrete blocks. 



Fio. 70.- 
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-Forms and falsework for deck girder highway bridge — 17. S. Office of Public 
Koiids and Rural Engineering. 


The following instructions on forms are taken from the “General Specifica- 
tions for Bridge Work” issued by the Division of Highways, Department of 
Public Works and Buildings, State of Illinois: 

FufiMhino Mai^ridl, — The contractor shall provide all necessary material and means 
for building the forms for all concrete masonry. 

Con^rtJLciion, — All forms shall be so constructed as to be held rigidly in place, line and 
elevation. If at any point of the work, after the concrete has been placed, the forms show 
signs of bulging or sagging, that portion of the concrete shall be immediately removed on 
lAotice by the inspector, and the forms shall be properly supported. 

All forms are to remain in place until, in the opinion of the engineer, it is safe to remove 
them. 

MovUdinQ , — Moulding having or 1-in. sides shaU be used on all exposed corners. The 
surface* of such moulding in contact with the concrete may be rounded to a uniform radius 
of may be flat. In the latter case the resulting angles ^tween adjacent -surfaces in the 
finished concrete dmll be equal. % 

, Reveled 'Paces . — Forms shall be given a bevel of 1 in. to 1 ft. wherever ijmeotions of the 
concrete, such as copings, floor beams, etc., would othdhfise cause bindiniyq^ the lemoyatr . 
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of the forms. The pitch shall be so arranged as to increase the thickness of copings, floor 
beams* etc., at the base, and the narrowest parts of such projections shall have dimensions 
not less than as shown on the plans. 

Removal of Forme , — The forms covering what will be the exposed face of the concrete 
masonry shall be removed as soon as the engineer decides that it is safe to do so, and all 
crevices neatly filled with a stiff 1 to 2 cement mortar thoroughly rammed into place. 
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Fto. 71.— Panel forms for headifalls of pipe bridge — U. S. Peclamation Service. 

12. Forna^^to Conduits and Tunnels. — ^This section will discuss the fomwork 
lor closed as oulvei|s, aqueducts and sewers of curvelinear section, 

pipes, No mention win be made of conduits or lupe laid 
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up with molded concrete blocks or of sections of molded pipe. The former 
are made with little or no formwork, while the latter is made of pipe sections 
generally precast in patent forms or molds and later laid in place. This article 
will deal with conduits and ])ipc molded in place as a monolithic structure. 

Formwork for conduits and pipe must be built so as to be rigid, able to take 
alternate wetting and drying and be portable. The surface of the form must 
be so made or lined as to give a smooth surface to the interior of the conduit. 
As conduit forms are expensive, they should be made in sections that can be 



V 


Fig 72 C’ollaphiblc form for bmall riilvorts. 

re-used a large number of times. For economy of use, the formwork should be made 
in portable sections, which can be readily and quickly erected, taken down, moved 
and re-erected. To accomplish this purpose traveling forms have been devised. 

Conduit forms may be built of wood or metal. The contact surfaces of the 
former must generally be lined with metal to give a smooth and true finish to. 
the interior surface of the conduit. Metal forms are often advantageously used 
on account of their durability, freedom from warping and low wei|^t for required 
strength. 

The concrete culvert of circular section used in highway and railway con- 
struction is often molded about a galvanized corrugated steel or iron pipe as a 
form. In the cheaper types of culvert, the pipe may be laid thra<(|^ the embank- 
ment with the ends only embedded in epnepete U shawp iit the desiipi of 
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the U. S. Reclamation Service for headwall panels for a pipe conduit (Fig. 71). 
Generally for more permanent work, the entire pipe is embedded in concrete, 
in addition to suitable headwalls. 

A simple type ' of collapsible form for the barrel of concrete culverts 18 in. 
to 4 ft. in diameter consists of a series of staves made of beveled 2 X 4*s held 
together with malleable iron wire (Fig. 72). The staves act very much like the 
top of a roll top desk, and are rolled around a circular head which has been cut 
to the required size of the culvert. The staves are held in place by wire bands 
wrapped around their outer surfaces. Wedges are driven in to hold the staves 
firmly. The form is removed by knocking out the wedges and knocking in 
the head. 



Fkj. 75. — Forma for 8-ft. circular pipe — U. S. Rcc‘lamatioii Service. 

Forms for circular culverts and pipe are made in sections to provide for the 
pouring of the structure in parts; first the invert, then the side walls to the spring- 
ing planes and finally the arch. An important feature in the design of such forms 
is the provision for ready removal. There arc two methods in common use; 
using a double, hinged section for the arch form, and using wedges between 
sections near the springing planes. The former type is clearly shown in Fig. 73, 
which gives a view of the culvert arch forms used in the construction of the Con- 
necticut Avenue Trunk Sewer, Washington, D. C. Note the steel rod 

at the crown, which holds the sections together and is driven out for their removal. 
The latter type is described in the following account of pipe forms used by the 
U. S. Reclamation Service, 

Forms for continuous monolithic concrete pipe construction are made in 
sections of lengths readily handled, usually from 10 to 18 ft. There are usually 
5 to 8 sections; an invert section, 4 or more side sections and a key section. 
Each section consists of a set of ribs over the curved edges of which are fast- 
ened the sheeting or lagging. The sections are bolted together at their ends 
transversely and along their sides longitudinally with the axis of the conduit. 
Wooden or steel rod cross-braces and wedges are used to give the formwork final 
shape and position. 

The setting of the forms for a conduit ordinarily begins with the invert section, 
which is placed on the invert concrete roug^y pour^ as a bed blocks o( 

t From Sooand Annual Report of nUnoie Highway ComnMoii. . , 
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concrete which are embedded in the invert. The side forms are placed in corre- 
sponding pairs as the sides of the conduit are poured, care being taken to carry 
up the work uniformly and simultaneously on both sides. Typical examples 
of concrete pipe form construction are taken from the recent work of the U. S. 
Reclamation Service. Figure 74 illustrates the formwork for heavy pressure pipe 
construction partly in excavation. Note the bulkheads which are placed at 
the end of each day's work. Figure 75 gives the details of the forms for an 8-ft. 
diameter concrete pipe. Note the exterior panels and bracing for the upper 
exposed section of the conduit. Siphon forms arc shown in Figs. 76 and 77. 
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Forms for conduits of other than circular cross-section are made similar 
to those described for those of circular cross-section. The forms for a 5-ft. 
egg-shaped sewer built in Washington, D. C., are shown in Fig. 78.^ The forms 
consist of two parts; an invert form and an arch center, made in sections 16 ft. 
long. Each part was built up of lagging nailed to plank ribs spaced 2 ft. on 
centers. 

The invert form was set in place, the wedge timbers A and B laid in ^eir 
grooves, and then the arch center set and locked to the lower form by the latches 
L on the outside of the end ribs. 

The hole C provided for a square gudgeon timber to pass lengthwise throu|^ 
the centei^gf^ .This timber projected at each end of the section beyond^ 

19. 1CC4. 
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ribs and was rounded so that the whole section could be revolved and wrapped 
with a continuous spiral steel strip 6 in, wide and in. thick. 

When the concrete had been placed, the centering was removed, leaving 
the spiral steel in place to support the concrete. When the latter had set, 
•the strip of steel was removed by pulling on one end. The center after its 
removal, was rewound with another steel strip and used in the next section. 
This form was devised by A. C. Chenoweth of Brooklyn, N. Y. 

Metal forms for circular conduits are made in rings of from 5 to 10 ft. in 
length and in diameter from 3 to 12 ft. Each complete ring is composed of 
four or more pieces, with longitudinal joints. At one of these joints a wedge- 
shaped piece is inserted to allow of the easy removal of the forms. These 
longitudinal joints are made non-continuous in adjacent 5-ft. rings. The form 



Reclamation Service. 

for the invert section of the conduit is set first and the concrete poured, thus 
forming a working support for the erection of the rest of the conduit (see Fig. 
79).^ A track may be framed up in the larger size conduits and a small car 
operated for the transfer of the form rings of the upper part of the conduit 
(see Fig. 80).^ Thus by the use of several rings, concreting may be carried on 
uninterruptedly, using the car to move a form ring from the rear completed 
part to the front part. All joints are bolted together with machine bolts. 

A large variety of formwork has been devised for the lining of tunnels with 
concrete, the details of the forms depending on size and shape of the tunnel, 
the nature of th& material penetrated, and as to whether the lining is to be done 
while the tunnel is in service. Important elements in form construction for 
tunnel work are strength, simplicity and portability. Strength and rigidity 
are very important, especially in metal forms, where deflections or bending of the 
parts may render their re-use difficult and expensive. All formwork should 
Jbe simple in design and construction so that it may be easily erected, removed 
r^rected and thus provide for portability. 

> Blaw-Knox Telesoopio Formi, Coaorete Sewers, Detroit, Mieb. 
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Fonns for tunnels may be made of wood or metal or combinations of the two 
kinds of material. For long sections of tunnel of the same cross-section, travel- 
ing forms may be used to advantage. The formwork is generally built in sections 
which are readily and easily handled. The following are given as a few typical 
examples of the use of forms in concrete tunnel construction. 



{CourUay of Blaw~Knox Co.) 
Fiq. 79.- -Invert forms for circular sewer. 


The Selby Hill Street Railway Tunnel,* St. Paul, Minn., was built entirely in 
open cut a coarse glacial sand. The open cut was heavily shored and 

braced and the concrete invert placed. Timber bents were erected on the inVjSrt to 
form a center for the forms of the walls and the arch of the tunnel. The bents 
were 12 ft. wide, 11 ft. high and spaced 6 ft. on centers. Each bent oonsistof^^; 
of a 6 X 8-in. sill, two 6 X 8-in. plumb poets and an 8 X 12-in. plate (see Kg: 81 J. 5 

> 3>i 1 * 07 . 
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When the bents had been erected as far as tbe side walls were to be built, the 
lowest row of temporary sheeting cross-braces between them was removed, 
transferring the pressure to the 6 X 8-in. posts of the bent. The inside forms 
for the walls up to the springing lines of the arch, 5 ft. above the invert, were 



(Courtesy of Blaw-Knox Co.) 

Fig. 80. — U«e of vur for traiisfor of form sections. 


then set and braced against the top and bottom of the bent. The sheeting of 
the trench formed the outside forms. After the side walls were poured and set, 
the cross-braces of the second row of walls were removed and the load transferred 
to the posts of the bents. The arch forms were then erected on the bents up 
to a height of 1 1 ft., and the walls built up to this elevation. When this concrete 





Fiq. 81. — Centering; and forms for street railway tunnel. 


had set, the third row of temporary cross-braces and the top braces between the 
tops of the posts were removed and the balance of the arch comple^. 

The forma had ribs of 2 X 12-in. plank cut to a template to conform with 
•^he curve of the arch. Those ribs were each in 6 sections, a itection on each 
side extending up to the 5 ft. level of the walls, a second section. 0i^cling up ; 
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the 11 ft. height and the two top sections in the closing part of the arch. They 
were spaced 2 ft. on centers and were lagged with 2 X 4's, 

The construction of a tunnel through loose, shaly rock, as a short section of 
one of the main distribution canals of the Belle Fourche Project of the U. S. 
Reclamation Service, involved the use of some unique forms for the placing of 
the concrete lining. Figure 82 clearly shows the essential parts of the formwork 
and method of construction. After the building of the continuous concrete 
footings along each side of the tunnel excavation, the steel ribs were set up 8 ft. 
on centers and resting on 4 X 8-in. timber sills set on the concrete. Wedges were 
placed between these sills and the shoes of the rib. A series of timber sections 





Fig. 82. — Details of tunnel lining forms — U. S. Reclamation Service. 

were set on the ribs, five sections on each side and a key section at the top. 
Note especially the details of the key block and method of supporting key sec- 
tion. As in most tunnel formwork an intermediate support is provided to 
carry a runway for the transportation of concrete. 

Metal forms for tunnel construction or lining are made in various forms and 
sizes, but practically all are made up of sections of from 5 to 16 ft. in length 
consisting of braced ribs covered with steel plates. The ribs are usually of eckfise 
common form of structural shape such as I-beam, channel or angle, bent to the 
required form. The outstanding flanges of the ribs are provided with holes for 
bolting adjacent sections together. The larger sizes are ordinarily braced with 
cross-braces placed near the springing lines of the arch and also serve to support^ 
runways or platforms for the transportation of material. These cross-^bsapati,' 
commonly have some method^ of adjustment such as tumbuckies or sleeve ntxltor 
Note the ttimbuckles near the gusset plates of the cross-bracing in Fig. Ih 


118 REINFORCED CONCRETE AND MASONRY STRUCTURES [Sec. 2-12 

the smaller sections of horseshoe type where the arch action is sufficient to take 
the pressure of the concrete, no bracing is used (see Fig. 84). This form requires 



(^Courtesy of Blaw-Knox Co ) {Courtesy of Blaw-Knox Co ) 

Fig. 8.'{. — Collapsible tunnel forms. Fig. 84. — Forms for horse-shoo tunnel. 


ribs and jdates of great strength in order to take the groat liquid pressure of 
rapidly poured concrete. For example, in aqueduct tunnels, built in Chicago 



(Courtety of Blaw-Knox Co.) 

Fio. 85. — Hinged forms for large circular conduit. 


and the Catskill Aqueduct, New York State, 6-izi. channel riba spaced 5 ft* 
.. ap^:were covered witl^ steel plates. 
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The erection of metal form sections is made on concrete footing courses 
built accurately to line and grade at the bottom of each side of the tunnel exca- 



{Courtesy of Blaw-Knox Co.) 
l''io. SG.‘ -Steel liner plates for concrete sower. 

vation. On th(3se footings are laid timber sills upon which are placed the feet 
of the ribs. Wedges are placed between the shoes of the ribs and the sills to facili-' 
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and the removal and set-up of the third set. Each set or unit has been used in 
lengths of from 20 to 40 ft. 

A circular tunnel under construction with steel form sections is shown in 
Fig. 85. Note that each section is made in three parts which are hinged so as to 
form the two side-wall and the arch sections. The invert is poured and the form 
sections set on timber blocks. Note the narrow gage track and framed steel 



Fig. 88 — Steel Floret^les — for romforced ( oncrete floors. 


traveler for the transportation of form sections and material. In large tunnel 
sections, interior braces are necessary to resist the lateral thrust of the green 
concrete. These braces are often made in the form of light steel framed trusses, 
attached to the ribs and providing space between for the traveler. 

Arch rings of steel plates or cast-iron sections are used as a temporary tunnel 



Fia. 89. — Steel Floredomos — ^for reinforced concrete floors. 


« 

lining in soft soil. Concrete is placed inside of this lining to form the permanent 
lining of the required croe»4ection. Figure 86 shows steel liner {dates used in 
the construction of a concrete sewer at Milwaukee, Wisconsin. 

It. Metal Fonns. — ^The increasing scarcity and cost of suitaUe lumber for 
Ipvms during the past decade has led to the more general use at m et al forau in 
bunding construction. The ineoeding articles have refored to tite tae of oiMal 
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forms in the construction of concrete sewers, tunnels, tanks and retaining walls. 
Hjsitice this article will discuss the use of metal forms in wall and floor construction 
of l^ildings. 

Metal forms may generally be considered in two classes; the first in which the 
form unit is left in place aiid becomes a part of the structure; and the second, 
where the form unit is removed and utilized many times. In the first class are 
the steel floor domes and cores, special types of corrugated plates, and the various 



{Courteay of Blauu^Knox Co. ) 
Fio. 92. — Steel circular column forms. 


forms of ribbed metal lath which serve as a form during concreting and later serve 
as reinforcement. The second class comprises largely column, wall and floor 
forms. 

Id certain types of buildings, notably school houses where the floor loads are 
light and well distributed, the steel form type of concrete floor construction 
(similar in principle to the terra cotta hollow tile floor), has come into usage. 
The vamus well-known makes are similar in character, and consist of metal 
ebrnm or arch-shaped forms which are often ribbed or corrugated to secure 
ffUkUv stiffness. These forms are made in depths of 6, 8, 10, 12 aili^ X4 ih*^ A 
typical example of steel form floor construction is shown in Fig. 87, where G. 
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Steel Tile^ is used. Steel **floretyles”® and ‘*floredomes”* are shown in Figs. 
88 and 89, respectively. Steel floor forms which may be removed and re-used in 
the successive floors of a building are the Meyer Steelforms^ (Fig. 90) and the 
Berloy Floor Cores* (Fig. 91). 

The forms for circular columns and for flaring column heads are universally 
made of metal. The adjustment in the height of columns is secured by tele- 
scoping the ends. The sections of the column are steel panels held rigidly in place 
by stiff steel bands or rings (see Fig. 92). Forms and flaring heads are made in 
various standard sizes; 12 to 20-in. diameter columns with 40 to 57-in. 
heads, 26 to 36-in. diameter columns with 48 to 84-in. diameter heads, and 38 



to 54-in. columns with 60 to 84-in. heads (Fig. 93). The variation in diameter is 
adjusted to fit form panels of standard widtlis, where metal panels are used. The 
steel column forms are not used to support any part of the floor, as is generally 
the case in wooden forms, so that the floor forms are ordinarily set up before the 
column molds. 

Wall forms of metal are generally made in panels which are held together by 
some special form of clamp. Three well-known examples of this type of fortn are 
the Blaw, the Hydraulic Steelcraft, and the Metaforms. The Blaw forms^ con- 
sist of standard metal panels 2 ft. square, reinforced on all four sic^irith 
small steel angles. Fractional panels, lap and comer panels are used for a^j^ting 

i GeoMil FlNprooflns Companyt Youngatown, Ohio. 

* Itiueon Steel Company, Youngstown, Ohio. 

^ Conorlte iSngliieering Compaayi Omaha, Nebr. 

* Oarinm ISiigiaeering Company, Pittsburgh, Pa. 

* BUnbKaos Companyf Piltsburgh. Pa. 
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the forms to various sizes and shapes of walls. The forms are secured to each 
other by wedge keys that are interchangeable and slotted. The wedges are 
inserted in holes in the flanges of the forms and a second wedge is driven into the 
slot of the first wedge, thus locking the forms securely. When the forms are to be 



Ccnneclion 

Fig. 96. — Reichert metal wall forms. 

shifted by hand, the panels are assembled in courses 2 ft. high and containing 
not more than 24 sq. ft. of surface. These units arc then fastened to liners about 
11 ft. long. The horizontal liners are attached to the forms by means of small 



Section thru 0«pf«Mc4 RmwI 

Fio. 07. — Metal panel forme for flat slab floor. 


plates slotted to take the leg of the steel ang^e liner. Thew plates toys iin 

integral lntchi«eoe which is inaerted in corresponding fl^ge slots in the fomi'plhnelB. 

When the horiiontal angle liner is placed in the slot in the plates, ti»e latw Jneae 

is drawn dp ti^tly and the Unw is made secure with the wedge key. Twpxtm 

aitt pnr atmirdy fastened and aligned (see Ffg. 04). 
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The Hydraulic Steelcraft forms^ consist of light pressed steel U-shaped vertical 
liners and horizontal ribs supporting steel form plates backed with wood. The 
edges of the wood backing are clad with light steel plates. Key hole slots in the 
back of the vertical liners enable the horizontal ribs to be clamped on by means of a 
key wedge and U-clamp. In erection, the framework of ribs and liners is 
erected and aligned. The plates may be left off while reinforcing steel is being 
placed, or they may be removed at any point to give access to the forms for 
cleaning or other purposes. Floors and roof slabs are constructed by using the 
same equipment as the walls. 

'‘Metaforms”* are based on a 24-in. square light metal unit. The latter 
consists of a blue annealed sheet with a 1 X 1-in. angle riveted to all four sides and in 
the middle as a stiffemer. Spikes or pins are placed in corresponding holes in the 
outstanding legs of the angles to secure alignment. The units are secured tightly 
together by malleable iron clamps pinned to the side angles. The units are wired 
similar to wood forms. The plates are held apart by stay rods, made adjustable 
to the wall thickness (see Fig. 95). 

The Reichert system* is similar in design and use to the Metaforms and is 
shown in Fig. 96. 

Metal forms for constructing concrete flat slab floors have recently come into 
use. A well-known make, the Deslauricrs system,^ use 2 X 8-ft. standard steel 
panels which are supported on lines of parallel ledgers 4 ft. on centers and 
supported by posts 4 ft. on center (see Fig. 97). 

1 Hydraubc Steelcraft Company, Cleveland, Ohio. 

* Metal Forms Corporation, Milwaukee, Wia 

* Reichert Metal Concrete Forms Company, Milwaukee, Wis. 

* Deslauricrs Column Mould Comiiany, New York. 
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BENDING AND PLACING CONCRETE REINFORCEMENT 

By James Co win 

1. Ordering. — Reinforcing steel is ordered either directly from the mill or 
from one of the bar companies. Companies handling steel bars carry stocks in 
their warehouses and take over the responsibility of seeing that the steel is 
delivered at the proper time. In general they hold the same relative position 
between the mill and the consumer as do jobbers in othcir lines. 

In ordering from the mill it should be borne in mind that no mill can make 
definite promises of delivery and the steel should be ordered far enough in advance 
of when it is needed to allow for delays due to strikes, breaking of machinery, or to 
any of the other mishaps which seem unavoidable in a large manufacturing plant. 

The quality of the steel required should be stated on the order, as should also 
the approximate shipping date, and the routing if there is a decided advantage in 
getting delivery over some special road. Otherwise, the routing can be safely left 
to the traffic men of the steel company who arc often in a better position to 
determine the best and quickest route to use, on account of their better knowl- 
edge of the seasonal freight movements. 

The order should also specify that the bars are to be tied in 50 to 100-lb. 
bundles as this will make the unloading and handling much easier and will keep 
the steel in better condition during storage. 

Mill test reports on each shipment will be very desirable in case any question 
arises as to the quality of the steel furnished and will serve as a check on the field 
inspection tests. 

By dividing the specification into smaller orders it is possible to get shipments 
about as needed without having to handle and store the entire order at one time. 
This is especially advantageous if the storage space is limited. 

Except under special conditions, it will be impossible to place orders directly 
with the mill and get the shipment required, as under normal conditions the 
mills are scheduled some time ahead in order to assure continuous operation. 
The usual course, therefore, will be to place the order with one of the jobbing 
companies specializing in reinforcement and leave to them the responsibility 
of having the steel on the ground when needed. In ordering from the bar 
company the same information regarding the grade of steel, bundling, and espe- 
cially a schedule giving dates when the steel for the different floors will be 
required, should be clearly specified on the order and made a part of the contract. 
If the bar company has a warehouse in the vicinity of the building under con- 
struction, it will save storage space and the labor of sorting and storing if it 
is requested to supply the steel as needed. This can be done by giving the bar 
company a copy of the construction progress schedule and notifying it promptly 
if any changes are made which will advance or retard the work. 

127 
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2, Shipping. — Considerable time and money can be saved by proper attention 
to shipping instructions and to the making up of bar lists in lengths and quantities 
to secure the lowest freight rates. A minimum single car load for reinforcing 
bars for interstate shipments is 36,000 lb. and 45,000 lb. minimum double load. 
For intrastate shipments 60,000 lb. is the minimum double load. 

The maximum length for single load shipments is 40 ft. while a double car 
would carry lengths up to 82 ft. if it were possible to get bars of that length 
rolled by the mills. The maximum lengths carried in stock are 60 ft. and the 
mills will, under speeial conditions, roll bars up to 65 or even 70 ft. 

Double cars arc securely chained together and the coupling is blocked with 
wedges to prevent end motion. The steel is blocked up on a number of ties 
which are bolted to the floor of the cars. A plate is spiked on top of each tie 
and thickly smeared with grease. This permits lateral play in the load of steel 
when the train is going around curves and prevents derailment of one or both 
the cars of the double header. 

Unless there is a commodity rate between the point of origin and the destina- 
tion, fifth class rates will apply to car lots and fourth class to less than car 
lots. Commodity rates on steel arc less than fifth class rates and apply only 
to car lots. Commodity rates will often be found where least expected. 

On less than car lots the lengths should be confined to 22 ft. unless the 
quantity is sufficient to make up an amount of freight at the regular rates 
to equal 1,000 lb. at the first class rate, which is the minimum for a shipment of 
this kind. 

A warehouse company can often save a contractor money by allowing him 
a fabrication in transit rate. Under this arrangement the bar company can 
receive the bars in standard stock lengths from the mill, cut and bend them and 
forward them to their destination at the same freight rate as if they went directly 
from the mill to their destination. 

3. Checking, Assorting and Storing. — ^The steel should be checked as it is 
unloaded from the car or truck and any shortage's should be immediately reported. 
In the case of a railroad shipment, if a claim is immediately reported to the local 
office of the railroad, it can be verified by having one of the railroad employees 
make a recheck and thus avoid the delay and annoyance of preparing affidavits. 
However, if the bill of lading has been made out properly by the shipper, showing 
the number of bundles or number of bars on the shipment, there will be no question 
about getting a refund from the railroad eventually even if the material is 
unloaded in such a way that a re-check is impractical — ^that is, provided the man 
responsible for the unloading will make out and send to the claim department of 
the railroad an affidavit stating the facts. In case of a truck shipment the driver 
should not be given a receipt until the steel shown on his loading tally has all 
been checked off the load. 

The steel should be sorted in a convenient way for further handling as it is 
unloaded. The different sizes and lengths should be piled in neat, easily acces- 
sible piles, the different floors being kept separate. If the steel has not been 
bought already bent, the portion which is to be bent should be placed apart where 
it will be convenient to the bender without further handling. If not already 
tagged, the different piles should be labeled so that there will be no confusion or 
delay in finding the proper bars when needed. 
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If the steel is to be stored any length of time before being used, it should be 
blocked up from the ground and piled compactly. Plain rounds will rust down 
only two or three layers, even if exposed to the weather for a long time, and 
deformed bars do not rust badly, but square twisted bars should be protected 
as the shape permits water to run through the entire pile and the operation of 
twisting breaks the outer skin and makes them very susceptible to rusting. 
A thin film of rust, of course, is not objectionable but if the bars become scaly 
they should be cleaned with a sand blast or wire brushes. It is very seldom 
that the bars get in such shape as to make this necessary, as it will take at least 
a full season of exposure to render a bar so scalcy that cleaning is required. 

4. Testing. — It is well to order some extra bars of each size for testing purposes, 
as regardless of the reliability of the firm supplying the material, the satisfaction 
of knowing exactly the quality of steel being used is worth the small extra 
expense. 

5. Bending of Reinforcement. — ^Bending is divided roughly into heavy bend- 
ing, light bending and spiral winding. 

Heavy bending includes the beam rods, column verticals which need to be 
off-set to carry into a smaller column above, some footing steel and any miscella- 
neous items such as stair hangers for which sizes larger than Yz in. are used. 
Light bending is understood generally to mean stirrups and column ties. Spiral 
winding consists in rolling Bessemer wire or hard grade hot rolled rods to a 
definite diameter and pitch. 

Light and heavy bending can be done successfully either by hand or by 
machinery but spirals cannot be rolled true to diameter and pitch by hand. In 
the early days of reinforced concrete, spirals were rolled through a tire bender 
and a passable spiral was produced provided great care and patience were used. 
Spirals rolled with a tire bender or around a drum should not be figured to the 
stress allowed for machine made spirals. 

Heavy bending should be done with a slow steady pressure and the pin 
around which the bending is done should be of at least twice the diameter of 
the rod to be bent if structural or intermediate grade steel is being used, and 
should have a diameter of three times the rod if the steel is of hard grade. The 
pin should have a movable collar fitted around it as this will relieve the bar of 
considerable strain and will make bending much easier. Some difficulty will 
be experienced in keeping the bends in the same plane but careful attention to 
the way the bar is held will obviate that. 

Stirrup bending is more a matter of speed and skill than of strength, and a 
fast man can turn out from 75 to 100 stirrups an hour. Stirrups should be made 
with sharp corners — otherwise, the beam rods are prevented from taking their 
proper position in the forms. 

6. I^es of Benders. — ^All hand benders work on the same principle, which 
is simply that of holding part of the bar stationary while the balance is moved 
through an arc of a circle. There are a number of hand benders on the market 
and any good blacksmith can make one in a few hours. A hand stirrup bender is a 
small edition of the beam bar bender, constructed as light as possible and with a 
short handle, as speed rather than strength is desired in a stirrup and tie bender. 

Power t^ndm for heavy bending are of two classes, one in which the bending 
is done in a vertical plane and the other in a horizontal plane. The Eardong 
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bender is the best example of those bending in a vertical plane and is a well- 
designed and constructed piece of machinery run either by a gasoline engine or 
an electric motor. It is mounted on wheels so that it can be hauled to the job. 
The great objection to the vertical bender is the difficulty in holding the heavy 
bar when the bend is some distance from the end but as very few bars require 
this special bend the objection is not serious. The horizontal bender works 
on the idea of a turntable, the bar being laid on a table the center of which 
revolves. A projection in the revolving part catches the end of the bar and 
carries it to the angle desired. 

Power stirrup benders are small bulldozers and stirrups can be bent econom- 
ically on an ordinary bulldozer if there is a large number of the same dimensions. 
They are not economical for the ordinary user but can be used to advantage 
by a large fabricating shop. 

Si)iral benders equipped to do column spiral bending arc rare and the contrac- 
tor will do well to bu}" si)irals made* up ratluT than to attempt to make them. 
The wire comes in coils about 3 ft. in diameter and weighing approximately 200 
lb. The coil is placed on a drum and is run through horizontal and vertical 
straightening rollers before recoiling is atteinpt(*d. After leaving the straighten- 
ing rolls the wire goes between two live rollers which force it against a third roller 
set at an angle which regulates the diameter of the finished spiral. This roller 
can be moved up or down and thus give any diameter wanted. The pitch is 
governed by a roller which pushes against the wire at right angles to the plane 
of the three diameter rollers. The spirals arc made up after they arc rolled by 
attaching two or more spacing bars. Practically every form of spacing bar in 
general use is patented but all have the same function —that of holding the turns 
of wire at the proper distance apart to give the pitch. These will permit the 
spiral to be collapsed for convenient handling and shipping. 

7. Spacers. — Slab spacers not only give the proper spacing to the bars but 
also support them the proper distance from the forming. They arc made of 
flat bands or of wire, the bands b<*ing punched or folded down to form the sup- 
porting legs and up to form the lips which are bent over the bars. Wire spacers 
are bent to make the supports and bar liolders. As the spacing and the sizes of 
slab bars used vary greatly these arc not ordinarily carried in stock but arc 
made to order. 

Beam and joist spacers arc similar to slab spacers but are made of heavier 
material. 

8. Supports and Ties. — In some cases, supports arc required where spacers 
are not needed. There are a number of different kinds of chairs manufactured 
for this purpose made of sheet metal, flats or wire. These are carried in stock 
and can be had in any standard length. . 

Ties are clips of wire which fasten two intersecting bars and save considerable 
time over tying with wire. There are also ties which combine the functions of 
ties and supports. Spacers, supports and tics arc made and sold by practically 
all reinforcing steel dealers. The kind used is more or less a matter of personal 
preference as they all serve the same purpose and the cost is approximately 
the same. 

9. Assembling. — Reinforcing steel is assembled to a more or less extent 
before it is placed in the forms. Spirals will be opened out and the vertical 
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column rods wired in position. In some cases the beam reinforcing will be 
wired to the stirrups and handled as one unit. The slab rods should be in 
bundles as the handling is much simplified and considerable time is saved in 
placing. 

10. Placing. — ^As already stated, the column reinforcing will be assembled 
on the ground and will be a complete unit when dropped into the forms. Light 
columns can be placed by hand but heavy or long columns can be better handled 
with a gin pole. Care should be taken to avoid twisting the columns as this 
will throw the verticals out of line. The hand holes which have been left at the 
bottom of the column forms to clean out shavings and otlu'r debris can be used 
to swing the column cage around so that the verticals liiu; up with the stubs 
projecting from the column below. 

If the beams are assembled before placing, they can be handled similarly to 
the columns but, if not, the stirrups should, of course, bo placed first in their 
proper position and should be tacked down to avoid displacement. Beam 
saddles, if used, can then be placed in the bottom of the beam boxes and the beam 
rods fastened in place. If two layers of beam rods are used, short pieces of l}4 or 
rods will be found to make excellent separators. If, as will most probably 
bo the case, slab rods are to cross or reach the beam, a }4 or ^^-in. round rod run 
the length of the beam and wired to the tops of the stirrups will elevate them 
to the proper distance below the top of the slab. With the stirrups tied to the 
horizontal beam rods the beam is ready for concreting. 

Slab rods should be wired or clipped at intersections if in a multiple-way 
slab, or should be fastened with spacers. The rods in one-way reinforced slabs 
should be held in place with spacers. Two lines of spacers will be sufficient for 
the span of ordinary length. Three lines in a panel will hold the four belts of a flat 
slab if one is placed at the intersection of the diagonal bands and the intersecting 
belts are wired together. No. 16 soft annealed wire is used for wiring. Where 
it is necessary to raise part or all of the slab rods over a beam, it is most easily 
done by laying and tying them in position without bending and then bending 
them up with a “hicky.'^ A hicky is a piece of steel 5 or 6 ft. long with an 
opening in the side near the bottom which slips around the rod. By pulling 
back on the top of the hicky the slab rod is bent up. 

After the steel is all in place it should be carefully inspected and any loose 
bars which might become displaced during pouring, should be wired. Careful 
placing is more important than is generaUy thought as a slab rod can very easily 
lose 10 per cent of its value by being }i in. too high. 
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FINISHING CONCRETE SURFACES 

By James Cowin 

The treatment of a concrete surface is determined by the effect the exposed 
concrete is to have on the architectural appearance of the building. Generally 
the removal of the moulded look from concrete is the primary consideration, but 
where the character of the building warrants the additional expense, the con- 



Fio. 1. — Sixteenth Street entrance to Meridian Hill Park, Washington, D. C. Massive 
Construction in which ornamental detail is well executed in concrete. 

Crete surface may be finished so as to bring out and accentuate the texture of 
the concrete and the color of the aggregate. 

The objection to concrete from the esthetic standpoint can be obviated by 
removing the outside film of cement and sand, mechanically oc with acids, 
breaking up the surface to introduce points of lic^t and shade, bringing out the 
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texture by emphasizing the aggregate and by adding color through proper selection 
of the aggregate, or by the introduction of coloring matter into the concrete 
mixture. 

Regardless of whether any surface treatment is intended, special attention 
should be paid to the formwork on any surface which will be exposed. A smooth 
surface with the irregularities of the form markings reduced to a minimum by 
careful construction will present a neat, clean appearance which, in many cases, 
is quite satisfactory without further work being done upon it. The mixture 
should be a little wetter than normal and should be especially well puddled and 
spaded back from the forms to avoid air pockets. In the case of columns and 
walls the concrete should be poured to the center and puddled out against the 
forms as, otherwise, a stone or a piece of crushed rock may become lodged between 
the reinforcing and the forming causing a pocket which will have to be patched 



Fig. 2. — Acid etched surface. 


after the forms arc removed. On the other hand, a sloppy mix and excessive 
spading should be avoided or there will be segregation and the surface concrete 
will be composed of line sand and cement. 

The different methods for treating the surface of monolithic concrete in order 
of simplicity are washing, brushing, acid treatment, rubbing, tooling, bush 
hammering and sand blasting. 

1. Washing and Brushing. — ^Washing, as its name implies, simply means 
the removal of the outer film of cement and sand with a stream of water before 
the concrete has an opportunity to set. The force of the water will be deter- 
mined by the amount of set which has taken place and as the success of this 
method presupposes the removal of the forming before the concrete has fully 
attained even its initial strength, it is doubtful if the effect produced is worth 
the danger of leaving green concrete unsupported at such an early age. 

Brushing is alsp performed while the concrete is still green but while washing 
to be effective should take place in from 6 to 8 hr. after the concrete is pouted, 
brushing should not be started until the mix is hard enough to hold the particles 
of aggregate flnnly against the friction of the brush-— otherwise, some will be 
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removed, resulting in a pitted surface. The time required for sufficient hardening 
will vary from 24 hr. in the summer to several days in cold weather and can only 
be determined by experimenting with the particular surface to be treated. 
An ordinary scrubbing brush with stiff fiber bristles will be quite satisfactory if 



{CourUay of the Portland Cetnenl Aeaociation). 
Fio. 3. — Column with a rubbed finish. 


the concrete is still green but a wire or metal brush will be required if the concrete 
has been allowed to become firmly set. An even pressure with careful attention 
to the comers should be observed. 
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2. Acid Washes. — ^Acid washes are often combined with a brush treatment 
cither following the brush treatment in order to sharpen the effect of the brushes 
or wetting down the surface while it is being scrubbed. Acids must be thoroughly 
and quickly removed with a stream of water or they will discolor the surface and 
leave the concrete shaly. 



{Cimrieiy of the Portland Cement Aeeodation) 
Fig. 4. — Special surface finish. Concrete rubbed and polished. 


The action of the acid is to cat away the cement and leave the aggregate 
exposed, and experimenting will show the proper solution to use. One part of 
hydrochloric (muriatic) acid to six or eight parts of water is strong enough for 
very green concrete while one part in four will require the addition of vigorous 
scrubbing to affect concrete which is firmly set. Sulphuric acid of thO; sdine 
strength should be substituted for the muriatic acid if white Portland oement 
has been used in the mix. 
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iCourtesy of the Portland Cemont A^eoeiation) 
Fio. 5. — Sample showing concrete before and after tooling. 



(Courieey of the Portland Cement jAiiifiiaHen) 

Fig. 6.— ’Ornamon^ design brought out by budi hammeiiiig* 
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Good effects have been obtained by painting the surface with full strength acid 
and then thoroughly washing down. If the object is to particularly emphasize 
the aggregate, the surface may even be scrubbed with the wet acid provided the 
acid is at once entirely removed by further scrubbing with water. 



3. — Rubbing the concrete with bricks of fine material, soft stone 

or 4 commerdal abrasive, such as carborundum or emery, will give a go^ smooth 
surface, free from hair cracks and form marks. When a rubbed surface is cwtMur 
plate4| ^ke.co^crete should be well spaded back from the forms in order to keep 
thf aggregste away from the surface where it will interfere with the 
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rubbing. The forms should be removed while the concrete is still green. This can 
be done in 24 hr. for compression members such as columns and walls and the sides 
of beams can be exposed in two days if the bottom shoring is undisturbed. In 
case it is impractical to remove the forming so (;arly, the rubbing can be per- 
formed when the concrete is older, although the process is more difficult. The 
forming should be carefully removed to prevent spalling. In case any spalling 
does occur or air holes are found the following procedure should be followed: 
Brush off any loose particles, mix up a mortar which will correspond in compo- 
sition to that of the surface to be repaired, allow to set from 2 to 5 hr. depending 
on weather conditions and apply after wetting the surface with water. 



{Courtesy of the Portland Cement Association) 

Fig. 8. — Concrete stairs, stair railing and floor finished by using colored aggregate and 

rubbing. 


Rubbing consists in removing the outer surface of the concrete by abrasion. 
The amount of rubbing to be done will depend on the finish desired. Rubbing in 
a thin grout of cement and sand with a No. 16 carborundum stone, washing with 
water and finishing with a No. 30 stone will give a good surface well sealed. 

4u Tooling and Bushing. — ^After the concrete has become thoroughly hard it 
can be tooled or bush hammered the same as cut stone. This should not be 
attempted until the concrete is at least two months old as the particles of 
aggregate in green concrete will be picked out leaving unsightly cavities in the 
surface. Bush hammering can be done by hand or by machinery and is cssenr 
tially stone mason’s work. The best results are obtained with 16-pbint hammers 
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although as low as 4-point or as high as 36-point may be used satisfactorily. 
Tooling is also done by power tooling machines which operate several carborun- 
dum wheels revolving parallel to each other and which give an embossed stripe 
effect which is very pleasing. Concrete which is to be tooled or bush hammered 
should be prepared as for rubbing, keeping the agregate well spaded back from the 
surface. 

6. Sand Blasting. — The surfaces to which sand blasting are applicable are 
comparatively rare as this method is especially suitable to large unbroken areas. 
Furthermore, only a large amount of work will justify the expense of setting up 



{Courieay of the Portland Cement Association) 
Fio. 9. — Exposed aggregate. 


a sand blasting outfit. The effect, however, is very pleasing as the character of 
the concrete is brought out as in no other way. The concrete should be 
thoroughly hardened, preferably, at least three months old, and any air pockets 
or depressions which are to be patched should be repaired some time in advance 
of the operation — otherwise, the blast will eat out the green fillings before the 
harder surface is affected. 

All ridges and pronounced form marks should first be removed by tooling as 
the s^d blast will effect the surface uniformly and they will be apparent on the 
finished work. Comers and angles should be protected with boar^ to preserve 
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their sharp outlines. A quarter inch nozzle, using clean sharp silica sand which 
will pass a No. 8 screen, will be found the most satisfactory under ordinary con- 
ditions and a nozzle pressure of from 50 to 80 lb. will be required. 

6. Colored Aggregates. — One of the main objects of all the foregoing methods 
of treatment is to bring out the character of the aggregate and the finished effect 
can be considerably heightened by careful attention to color, shape and texture 
in selection of the aggregate. As the local market will generally limit the choice, 
it will be well to make up a number of samples using different proportions of the 
aggregates available before making a final selection. 



Fio. 10. — Synthetic stone as used in Catskill Aqueduct Building. 


The color or combination of colors which is most pleasing to the eye when the 
surface treatment, is completed will be the main consideration. If the desired 
aggregate is too expensive to use throughout the work, a veneer of at least 1 in. 
can be put on the exposed face. This can be done by spading the facing up 
against the form and forcing the backing behind, or by putting some loose boards 
against the face or the form which can be removed after the backing has 
obtained a slight set; the facing can then be poured in the resultant opening. 
This method is confined to very special cases and small units. The best method 
is to divide the form with iron plates and pour both facing and backing together, 
gradually raising the plates so that they interset. Aside from the wide variety 
of ag^egates suitable for facings obtainable in every locality there are a nuniber 
df companies with wide distribution specializing in special aggregates for this 
p^pose. 
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7. Addition of Colors. — While the most satisfactory way to obtain color in 
concrete surfaces is in’ the selection of the aggregate, it is possible to color the 
matrix as well by adding suitable pigments. Any coloring material added will, 
at the best, be so much inert material and at the worst, will act injuriously on the 
cement and be itself acted on by the cement. For that reason only mineral 
colors should be used and then, in general, in amounts not greater than 6 per cent 
of the cement by weight. The yellows, browns, reds, and blacks are permanent 
colors, being ground hematite ores (iron oxides) but the blues and greens will have 
a tendency to fade. Chromium oxide is an exception to this general statement 
for, while too expensive for very general use, it will give a green which will not 
fade. The correct amount of color to be added to obtain the desired shade 
should be determined by experiment as the sand and gravel used will have a 
decided influence on the result. 

Concrete surfaces can be painted with a number of reliable brands of paints 
which have been put on the market for that purpose. If the surface is given a 
priming coat with a solution of magnesium zinc fluosilicatc or zinc sulphate in 
water or with one of the commercial floor hardeners, the free lime on the surface 
will be neutralized and there will be considerably less danger of the paint peeling 
off. 

A third method of adding color to a concrete surface is by the insertion of clay 
tiles or mosaics. These can be glued to the form or can be inserted afterward in 
openings left for them by nailing blocks of wood of the re(iuisite size and shape 
to the inside of the forms. 

8. Plaster Finishes. — Plaster flnishes are a makeshift at best and serve no 
purpose which cannot be better served by treating the surface of the concrete 
itself. If a plaster finish is to be used, the surface of the concrete should be 
treated the same as in bonding new and old concrete. It should be brushed 
clean and then thoroughly soaked with water. The facing mortar should con- 
sist of one part cement to three parts sand or screenings and applied as stiff as 
practicable. 

9. Surfacing Concrete Floors. — Concrete floors call for a different quality in 
concrete from any that have previously been considered. Concrete is essen- 
tially a compression material and it is for that quality that it finds its greatest use, 
but a successful wearing surface must resist abrasion without disintegration and 
this requires that the concrete be given different treatment from that given it 
as a load bearing material. The value now lies in the outer skin which all 
treatments for bringing out the decorative side of concrete seek to remove and 
which in structural members is considered waste material, useful only as a fire- 
proofing. More dissatisfaction with reinforced concrete buildings has arisen 
from the inability of concrete to stand up under the wear and tear of iron truck 
wheels than from its failure as a structural material. As there is no penalty 
attached to the placing of poor concrete floors other than the annoyance and 
expense of patching them when they fail as against the disasters which can occur 
with poor design or execution in other phases of concrete, there has developed no 
standard universally accepted practice for laying concrete floors. 

A wearing surface can be finished on the load bearing slab or a separate layer 
of concrete can be added to the slab for the sole purpose of taking the wear. 
Finishing the load bearing slab is not to be recommended as the mixture is too 
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(Courtesy of the Portland Cement AssoruUion) 
Fig. 11. — Method of laying the finish eoat. 



(Couriety c/ the Portland Cement Auoeiation) 

Fiq. 12. — Close up photograph of terruzzo floor after finishing with the rotary surfacer, 

waxing and polishing. 
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lean to make a good wearing surface and, more important, a mixture which is wet 
enough to pour will leave laitance on the surface in setting. 

A better method is to cast the wearing surface in a separate operation but 
before the base course has a chance to set. This should be done as soon as 
possible but in no case should the interval between the two operations be more 



{Courtesy of the Portland CemerU Association ) 
Fjq. 13. — Rotary surfacing machine used in giving a concrete floor a terrazzo effect. 


than 45 min. The mixture for this top coat should consist of one sack of cement 
to not more than two parts of clean silicons sand, or equally durable material, 
uniformly graded from H in. down to that passing a lOQ-mesh screen. These 
should be mixed thoroughly with a minimum of water to the consistency of a stiff 
batter. The minimum thickness should be 1 in. although some specifications 
permit jfi in. However, with the most careful attention to leveling the base 
course^ there ate* necessarily elevations and depressions which bring the slab 
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very close to the top of the wearing surface even when 1 in. is used so that less 
than that amount of covering should not be considered. 

The procedure is to level off the mixture for the finish coat with a straight edge 
run over parallel screens set to grade taking care that plenty of material is kept 
ahead of the straight edge to avoid pockets in the surface. After stiffening has 
commenced, the work should be finished with a steel trowel to a smooth surface 
avoiding excessive troweling which breaks up the newly formed crystals. It 
should be trowch^d again with a heavy trowel just before the mixture gets too 
hard to be workable and covered in 24 hr. with burlap or sawdust which should 



Fig. 14. — Finished concrete floor with tile inserts. 


be kept moistened for two weeks. Damp earth can also be used and one con- 
tractor obtained very good results by building up water tight side boards and 
keeping the floor covered with 2 in. of water. 

If the finish coat is not to be added until some time after the slab is cast, the 
base course should be gone over with a wire brush within the first 24 hr. after it is 
poured, in order to roughen the surface. If the concrete has attained its final set, 
it should be roughened by picking or hammering. After wetting down, a thick 
grout should be applied and then the top coat added at once. This coat should 
have a minimum thickness of 1 H in. and should preferably be 2 in. 

A granolithic finish can be obtained by substituting for the mixture given 
above 1 part cement to parts coarse sand to IJi parts crushed granite or trap 
screened through a ^ screen and caught on screen. After a few days the 
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floor can be ground down with tcrrazzo floor grinder. By care in selection of the 
aggregate as to size and color a very good effect can be obtained. 

If a nailing surface is desired a mixture of 1 part cement to 1 part sand to K 
parts sawdust has been found very satisfactory. 

9a. Mechanical Hardeners. — There arc a number of substances 
on the market to be used as the aggregate, or part of the aggregate, to increase 
the hardness. Their value is doubtful, unless the aggregate obtainable is 
extremely soft. Some of the prepared rock aggregates are valuable for their 
color effects. 

96. Chemical Hardeners. — The chemical hardeners are sold under 
a number of different trade names and are based on the reaction between magne- 
sium or zinc fluosilicates, zinc, lead or aluminum sulphates or sodium silicate and 
the cement in the top surface. The free lime is neutralized and insoluble silicates, 
sulphates and florides are formed which increase the density and hence the 
hardness of the finish coat. They can be applied when the concrete is new 
or after it has become thoroughly hardened and set. The method of application 
is to flush on with pails or a sprinkling can and spread with a long handled brush 
for 3 min. After 24 hr. a second solution is applied of four times the strength 
of the first. The cost is about 1 ct. per sq. ft. and the value of the treatment 
seems well established. 

The Bureau of Standards in a bulletin ** Report of Service Tests on Concrete 
Floor Treatments^' gives the results of experiments on seventeen floor sections 
treated with as many different proprietary hardeners and five sections treated 
with what they call home treatments, such as sodium silicate, aluminum sulphate, 
etc. 

The conclusion arrived at, based on about two years of observation of the 
effect of ordinary foot traffic on the different sections w'as that hardeners of 
the magnesium fluosilicate and zinc sulphate classes gave excellent results. Of the 
home treatments, aluminum, sulphate did not as effectively harden the surface 
but did keep down the dust while sodium silicate was very highly recommended 
as a hardener. As the sodium silicate treatment is simple and economical, 
the operation is here given in detail: 

Take 1 gal. of commercial sodium silicate, a 30 to 40 per cent solution, and dilute with 4 
gal. of water. This will cover about 1,000 sq. ft. with one coat. The floor surface to be 
treated should be cleaned free from grease, dirt, etc., and then scrubbed with clear water. 
After it has become thoroughly dry the sohition can be applied. This should bo brushed 
over the surface for several minutes with a mop or broom to secure even penetration. 
After an interval of 24 hr. the surface should again be scrubbed with clear water. After 
it has dried it is ready for a second application. Three or oven four applications may be 
necessary for thorough saturation of the floor surface but the result, when properly applied, 
is a very hard wearing surface, bright and uniform in appearance, somewhat lighter in 
color than before being treated. 

9c. Accelerators. — ^The Bureau of Standards has also conducted a 
series of experiments to find out the effect of calcium chloride when added to 
a concrete mix and have conclusively proved that the strength of the concrete is 
about doubled in its early stages by the addition of 5 per cent calcium chloride 
or commercial preparations having it as their base. Thk shortens the time 
necessary to wait More the finish can take its final troweling and in that way 



146 REINFORCED CONCRETE AND MAIiONRY STRUCTURES [Sec. 4-9d 


is oftentimes an economy. It has no effect on the final strength of the concrete 
according to specimens which have been tested at the end of 3 yr. 

9d. Linseed Oil and Soap.— -Linseed oil with or without the addi- 
tion of coloring is successfully used to keep down dust where the wear is light, 
but has little value under heavy traffic. The effect is very much the same as 
when a wooden floor is painted. Until the paint is worn off, the base beneath is 
protected. 

China-wood oil is the basis of a number of concrete paints and while more 
effective than linseed oil, is subject to the limitations of any coating. After the 
paint is worn off the dusting is resumed as concrete will not absorb oils to any 
great extent. 

An oiled surface should be re-treated every year, in which case, if the traffic 
is liglit, the floor will be quite satisfactory. 

Soap treatments are without very much value and the scrubbing with soap 
and water which a floor gets in the ordinary course of events has about the same 
effect as an extended seri(‘s of soap treatments. 

Be. Colored Floors. — Making a colored floor surface is preferably 
accomplislied by using a colored aggregate, and fine effects can be obtained by 
using red gi’anite chips, feldspars, or even colored marbles, although it is bet- 
ter to use only the harder igneous rocks on account of their wearing qualities. 

Mineral colors can be added to the mix, using in gcmcral about 0 lb. of pigment 
to the bag of cement, or the surface can be painted with one of the commercial 
floor paints manufactured for that purpose. As stated in the discussion of the 
bem'fits of painting with oils to prevent dusting, a floor paint will be quite satis- 
factory if the wear to which the surface is subjected is not too heavy. It is 
stated that using a priming coat of zinc sulphate solution (8 lb. of zinc sulphate 
to the gallon of water) will prevent the paint coat from peeling or scaling. 


WATERPROOFING 
By PiiiLrr Gi:ou<!k L.\ng, Ju. 

10. General Considerations. — In numerous instances, concrete structures 
owe the early impairment of their utility, and occasionally their complete and 
untimely destruction, to the action of water. With the broadening use of con- 
crete as a material of construction, the subject of waterproofing becomes one of 
increasing importance. 

While it cannot be stated with absolute assurance that the early deterioration, 
due to the action of water, of every concrete structure on which waterproofing 
protection has been omitted will invariably occur, neglect of such precaution greatly 
increases the hazard to the investment represented, and it can, with reasonable 
certainty, be presumed that the prospective duration of the life and utility of 
such a structure is materially reduced. 

The introduction of water within the body of concrete composing a structure 
is attributable to a variety of causes. A brief consideration of the origin and 
character of these agencies may well be considered worthy of notice as a prelude 
to a discussion of those means which contemporary practice indicates as most 
effective in the prevention of such conditions. 
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Prominent among these is capillary attraction, which, due to the porous 
nature of the material under consideration, acts in a marked degree to facilitate 
the absorption of water which may be brought into contact with the surface, 
and to accumulate within the concrete mass the agency through which its 
destruction is frequently wrought. 

Gravity also plays an important role, and this phase of the question is espe- 
cially prominent in the case of concrete bridge floors. It is with peculiar refer- 
ence to this element that concrete protection should be designed. It is probable 



Fkj. 15. — Effect of lack of waterproofing on iiitrados of masonry arch. 

that, in the larger portion of failures due to water penetration, the ingress of 
the destructive agency was occasioned by the operation of this natural law. 

The destructive action of water, after its introduction within the mass of con- 
crete, is accomplished, in most cases, by physical action along the lines peculiar 
to its familiar characteristics. In some instances, chemical action may also 
occur, but this appears improbable unless the water contains some foreign 
or unusual ingredient. 

The passage of water through concrete may be attended by some degree of 
solvent or erosive action, which has a tendency to weaken the concrete, and, to a 
varying extent, to remove some portion of its essential part. This fact has, in 
numerous instances, been proved by examination of water which had, for experi- 
mental purposes, been caused to pass through concrete, and which, after its 
passage, displa3rs, in every case, a pronounced alkaline reaction. 


148 REINFORCED CONCRETE AND MASONRY STRUCTURES [Sec. 4-10 


The absorption of water into concrete, especially when this occurs through 
chance or accident, is by no means uniform. The consequent uneven permeation 
of the mass causes disproportionate expansion, producing stresses within the 
body of the concrete, which sometimes prove the means of internal fracture and 
consequent deterioration. 

The freezing of water with which concrete has become impregnated is a 
very fruitful source of deterioration, as the solidification and consequent 
increase in volume of the contained water produces fractures within the body of 
the concrete. 



Fio. 16. — Effect of lack of waterproofing on intrados of masonry arch. 

The vicinity of a railroad, and the consequent presence in the atmosphere 
of locomotive fumes and cinders frequently causes the adjacent water to acquire 
a perceptible sulphuric acid content, and this characteristic is, in a milder degree, 
frequently imparted to rain in its descent through such gas-laden air. When 
water of this character is absorbed into concrete, its acid content is a source of 
slow but sure destructive chemical action. 

The destructive effects of water are well exemplified in the case of the masonry 
arch viaduct, views of which appear as Figs. 15 and 16. The bridge in question 
is situated near Columbus, Ohio, a locality which reflects the general climatic 
environment of the Middle West, and may be considered typical of American 
conditions. 

This arch was constructed in 1905, but no waterproofing protection was 
applied. As the application of waterproofing protection to the extrados of 
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these arches subsequent to the discovery of the conditions shown would have 
occasioned very heavy expense, and possible interference with traffic, remedial 
measures were sought by the boring of additional weep holes. This alleviated, 
but failed to entirely relieve the conditions. 

It can with reasonable certainty be stated that, unless proper waterproofing 
is applied, the destructive effect of water will eventually, in some degree, become 
apparent in any concrete or masonry structure. The application of such water- 
proofing increases the structure’s life, and consequently serves as a comparatively 
inexpensive and effective means of insuring the safety of the investment repre- 
sented. Waterproofing should, therefore, especially in view of its negligible 
expense compared with the total cost of the structure, receive due consideration 
in the estimate and design. 

11. Methods of Waterproofing. 

11a. Integral Method. — ^The integral method consists of the inclusion 
among the components of the concrete mixture of a compound which, by the 
operation of its inherent chemical properties or physical characteristics, has a 
tendency to render the mass more or less impervious to water. The efficacy 
of the integral waterproofing is dependent upon the preservation of the absolute 
solidity of the mass which it is designed to protect, and it becomes largely useless 
upon the development of fissures or cracks, by means of which the ingress of water 
is effected. Integral waterproofing is, for this reason, not adaptable to use 
in connection with bridge floors or other forms of construction subject to the 
passage of heavy rolling loads, and since,^ as previously stated, it depends not 
only upon the original density of the mass, but also upon freedom from 
rupture duo to any cause whatsoever, integral waterproofing will not be further 
considered. 

ll^A Surface Method. — The surface method of waterproofing 
seeks the exclusion of water from a concrete mass by means of a protective 
coating applied to the surface. Waterproofing is effected by means of chemical 
or mechanical action, or a combination of the two. In general, the chemical 
action is such that the material applied, or this material in conjunction with the 
concrete, will form a surface which, in itself, becomes, in a sense, water-repellant. 
The mechanical action is such that the material tends to fill the surface pores, 
and, in some cases, after application, the particles expand, sealing the pores, and 
forming a protective agent which is waterproof in the sense that water cannot 
enter, due to the absence of pores and surface cracks. 

Satisfactory results may be obtained from such methods, so long as the 
waterproof surface remains unbroken, but it cannot be satisfactory if cracks 
or other defects develop. Surface waterproofing is, for this reason, not 
recommended for use on structures subject to vibration or settlement, which 
may cause the waterproof surface to crack. 

11c. Membrane Method. — ^The membrane method consists in 
applying to the surface of the structure, or material to be protected, a water- 
proofing membrane or coating which will adhere to that surface and prevent the 
penetration of water. A membrane or coating of this nature can be so constructed 
as to retain its adhesion to the structure under any ordinary conditions of dis- 
tortion due to vibration, traffic or other causes, and its utility is not impaired hy 
the development of cracks or the necessity of providing for construction or 
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expansion joints. One of the most severe conditions under which waterproofing 
is used is that of protection on railroad bridge floors. 

The membrane method, when suitable wateri)roofing materials are applied 
to a well-designed structure by efheient workmen and under proper conditions, 
has been found to render satisfactory protection iindcT practically all conditions 
of vibration, and its use is recommended on all such structures to be waterproofed. 
It is desired to again emphasize the fact that the cost of waterproofing protection 
is relatively small. 

12. Essentials of Successful Waterproofing.— Succc'ssful waterproofing is 
dependent upon three essential factors, considered in the order set forth below: 

(a) Design of the structure to be waterproofed. 

{b) Workmanship in the application of waterproofing. 

(c) Waterproofing materials. 

12a. Design of the Structure to Be Waterproofed. — Every structure, 
whether the ultimate application of waterproofing is intended or not, should be so 
designed as to provide all possible facilities for the sliedding of water which may 
be deposited. In designing structures to b(i wat(‘rproofed the gimoral fact 
must constantly be borne in mind that, under no conditions, must any facility 
be afforded for the permanent accumulation of water on the surface to be 
waterproofed. 

Care must be cxc^rcisod to avoid the formation of any depn^ssions or pockets in 
which water can collect, and, where the requirements of construction demand the 
placing of an indentation of any nature, adequate means for its drainage must be 
provided. Where any element of doubt exists as to tluj proper gravitational 
discharge of water from a section of the surface to be waterproofed, drainage 
channels, pipes or downspouts should always be placed. 

Unless the general design is such that the un water proofed structure con- 
stitutes a natural watershed, it is doubtful whether special means subsequently 
adopted for waterproofing can be made absolutely effective, and certainly difficulty 
in water ])roofing will be encountered. The more or less ix^rmajient accumulation 
of water, even though it be slight, upon the surface to be watc'i-proofed, notwith- 
standing the fact that this surface is thoroughly protected by membrane water- 
proofing, may, either by solv(*nt action, decay or chemical activity, destroy the 
utility of the protecting membrane. 

The efficacy of membrane waterproofing applied to any structure is dependent 
upon the preservation of an unbroken surface. If this watcrj)roofing surface is 
fractured, even in a slight degree, the utility of the membrane protection over a 
considerable adjacent area is impaired. Surface water enters and gradually 
diffuses itself over the concrete surface in a widening circle, throughout which area 
it will have a tendency to loosen the bond between the concrete surface and its 
protective coating. Deprived of contact with the air, such water can only remain 
as a saturant or be absorbed into the material' which it was intended to 
waterproof. 

The possibility of such a condition should be recognized, and can easily be 
removed by due cognizance on the part of the designer of the special needs 
created by the placing of waterproofing membrane. 

Any expansion joints introduced into the structure should be such as to pro- 
vide ample space for ordinary and even exceptional changes due to variations in 
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temperature. Such joints should be held to the absolute minimum, and proper 
steps taken to see that the waterproofing membrane will not subsequently be 
broken at these joints. 

The strueture should be designed so as to avoid exeessive deflection under load, 
in order that the proteetive membrane may not be broken. The question of 
flashing — that is, scialing the ends of the waterproofing membrane to the structure 
to be waterproofed — must be given careful consideration, and proper means for 
preventing the entrance of water at such points provided. Wherever possible, 
satisfactory metallic flashing should be used, and, in addition, where required, 
conduits and drains should be installed to carry away excess water. Great care 
should be exercised to prevent the ingress of water where flashing is used and 
where the waterproofing membrane is broken to provide for drains. 

126. Workmanship in the Application of Waterproofing. — In pro- 
viding effective means for the exclusion of water from a concrete structure, the 
character of workmanship and conditions under which the work is prosecuted 
are matters whose importance is secondary only to the soundness of principle 
embodied in the general design. Faulth^ss design combined w’ith the highest 
(juality of waterproofing materials will fail to produce the desir(»d results unless 
the actual ap])lication is performed in a proper manner by skilled and experienced 
workmen, under intelligent supervision, suitable weather conditions, and without 
undue interruption in the i)rogrcss of the work, occasioned by operating 
iK'cessity or other causes. 

The application of waterproofing materials to any structure should be the 
subject of an especial and carefully written specification, and such work should, 
during its progress, at all times be under the constant and rigid scrutiny of an 
inspector, whose duty it should be to thoroughly familiarize himself with the 
methods of procedure adojitcd for this particular branch of the work under his 
jurisdiction. 

Tlie forces employed in this application should, in part, at least, consist of men 
acquainted by previous experience with work of this cliaracter, under the charge 
of a competent and responsible foreman. The waterproofing materials should be 
applied, preferably only on clear da}^, and under no conditions should this 
work be attempted during falling weather of any nature, or at a time when the 
general temperature is below the freezing point. 

Under frost conditions, especially in a moist atmosphere, the surface to be water- 
proofed is frequently covered with minute particles of water, and, in some cases, 
with a thin film of ice. The attempt to apply waterproofing in such cases will at 
least prevent the securing of proper seal betweenthe waterproofing materials and 
the structure to be waterproofed. 

Any surface to which waterproofing is to be applied should be scrupulously 
cleaned, and all dust, dirt, and other foreign or loose material of any nature what- 
ever removed. Every possible precaution should be taken to insure for this 
purpose a clean, dry surface, and avoid the presence of any substance which 
might impair the continuity of the seal, and consequently become the means of 
forming a leak in the waterproofing protection. 

The importance of uninterrupted prosecution of the work as a factor in 
successful waterproofing renders this feature a matter worthy of special con- 
sideration in devising a field schedule. This is particularly true in view of the 
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fact that it is essential to hold the number of construction joints in the water- 
proofing membrane to a minimum^ since such joints are a potential source of weak- 
ness in the membrane. The foregoing consideration should be particularly borne 
in mind in connection with the waterproofing of a bridge structure carrying rail- 
road traffic, and, in general, it may be stated that, under no conditions except 
those which are absolutely unavoidable, should a railroad bridge structure be 
waterproofed under traffic. In such cases, experience has shown that it is well 
nigh impossible to secure a watertight protection. . 

The permanent utility of wateri)roofing is dependent upon the preservation of 
an unbroken membrane, impervious to water, containing no holes, fractures or 
seams by means of which the penetration of water can bb effected. In addition 
to the possible causes of such orifices already enumerated, an element of danger 
lies in the pressure of an 3 '’ superimposed material — in the case of railroad bridges, 
the ballast; in the case of arch viaducts, the filling material. The operations 
of workmen engaged in tamping or the performance of other maintenance tasks 
on railroad structures imposes a hazard which should be guarded against. 

In the case of arch viaducts or other structures which are waterproofed, and 
upon the waterproofed surface of which fill is deposited, proper stops must be 
taken to prevent the injury of the waterproofing membrane during the depositing 
of fill. It is consequently essential that, after a waterproofing membrane is 
applied, some form of protection be used with a view to eliminating, so far as 
possible, the liability of contact with any destructive agency. This can be 
accomplished in several manners. 

A layer of concrete, preferably not less than 2 in. nor more than 3 in. in thick- 
ness may be deposited over the membrane. This concrete may be reinforced 
with suitable metallic mesh, in order that it ma^'^ be properly held together. The 
waterproofed surface may, if preferred, be protected with brick, properly placed. 
In any event, the protection used for the watcirproofing membrane should be 
carefully moulded to the contour of the structure, and its surfaces so constructed 
that they will, in themselves, provide suitable drainage. 

In the case of highway bridges on which pa vin g is used, it would appear that the 
use of a protection course of some sort for the waterproofing membrane should, 
at least, be considered. The necessity for the occasional renewal of the pavement, 
with attendant possibility of fracture of the waterproofing membrane, should be 
borne in mind. With the waterproofing membrane properly protected, a definite 
and recognized plane of demarcation between the waterproofing and the paving 
is established. 

Single or multiple arch bridges, whether of concrete or masonry, on which the 
application of membrane waterproofing to the extrados prior to filling is con- 
templated, constitute a feature of construction work which merits special con- 
sideration, so far as the waterproofing detail is concerned. It can, with 
reasonable certainty, be assumed that the filling material will contain stones or 
other bulky objects which, during the filling, unless the work is handled with 
unusual care, become potential agencies of destruction, causing punctures to the 
waterproof coating. The use of suitable protection for the waterproofing on 
structures of this class should, at least, be carefully considered. 

12c. Watexprooflng Materials. — ^The waterproofing materials in 
common use are the output of several firms by whom the American market 
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is supplied, and all of which products can, with proper application, be relied upon 
to give efficient protection. Such protection consists, in general, of two essential 
parts, namely the mastic or hinder and the/ahne, to which, in some cases is added 
a third component, the 'primer. 

Mastics or binders are, in general, derived from two sources, namely coal 
tar pitch — that is, the inert residuum of coal tar from which the volatile com- 
ponents have been expelled — and asphalt, whose adaption to the needs of this 
service is the object of several proprietary treatments. The mastic is the agency 
by means of which the waterproofing is actually accomplished. Experience 
indicates that its adaptability to this purpose is vastly increased by the use of 
layers of fabric, from the introduction of which elasticity and strength are 
imparted to the membrane. 

The primer, when used, is a binding agency, somewhat more fluid in its 
consistency than the mastic, and is applied to the bare surface to bo 
waterproofed for the purpose of forming an anchorage for the subsequent 
waterproofing coat. 

The art of waterproofing is yet in a formative stage, and the determination 
of the materials to be used on any specific structure should be regulated by the 
judgment of the engineer, supplemented by such data as he can obtain concerning 
the utility of the materials under consideration. 

The mastic or binder used must be elastic within the ordinary range of tem- 
peratures. It must adhere to the surface* to be w^aterproofed, and to the fabric 
used. It must be of such composition that it will not bo soluble. At atmospheric 
low temperatures it must not become brittle, and at atmospheric high tempera- 
tures it must not flow. It must further be of such nature that it can be readily 
applied without heating to an excessive degree in order to facilitate its proper 
application. 

The fabric used in the waterproofing membrane must be of material which 
will not deteriorate, rot out nor enter into chemical action with the waterproofing 
mastic or binder used. It should consist of properly woven material, especially 
adapted to the needs in question. Its quality and durability are essential ele- 
ments in determining the success and life of the waterproofing. The fabric 
should have a tearing resistance of from 40 to 50 lb. per in. width for both warp 
and woof, and a stretch in cither direction, without fracture of from 10 to 12}i 
per cent. 

In the selection of fabric, the primary object of its use should be borne in 
mind — ^namely, that of holding the waterproofing material together, giving it 
elasticity, preventing it from being cracked due to deflection, expansion and 
contraction, and of giving it body, so that the proper application will permit 
the use of methods which will provide for some give and take in the waterproofing 
membrane. It is essential to this end that the fabric permanently retfpn its 
distinct and separate identity. Its homogenization with the mastic or binder 
will ultimately impair the quality of the waterproofing. 

13. Specifications. — Specifications for guidance in the application of water- 
proofing may be varied to suit particular brands of material or special working 
conditions. It is believed that the form given below is readily adaptable to any 
special or local need, and can, with minor changes, be used as a rule of procedure 
on any ordinary form of construction work: 
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Inspection and Tests 

All materials used in the work shall be inspected and tested in accordance with the 
latest methods recommended by the American Society for Testing Materials. Materials 
which are condemned shall be promptly removed from the work. 

No work shall be started until all materials have been tested and found to meet the speci- 
fication requirements. If there is reason to believe that the materials used are not in 
accordance with the materials tested, additional tests should bo arranged for. 

The work shall be performed under the supervision of an inspector. 

Number of Tests 

At least two 1-Ib. samples of waterproofing asphalt or plying cement, taken from 
separate drums, shall be tested on all work requiring 2,000 lb. of material or less, h^or 
work requiring more than 2,000 lb. of asphalt or plying cement, the num]>er of tests shall 
be increased by 1 for each 2,000 lb. of material or fraction thereof. 

The number of rolls of fabric tested shall eciual the cube root of the number of rolls to 
be used — for example, if 8 to 27 rolls arc to be used, 3 rolls shall be tested; if 28 to 04 rolls, 
4 rolls shall be tested. Samples for test purposes shall be cut from the ends of the rolls. 
They shall be 12 in. wide, full width. 

Tests of clastic cement shall bo made as required. 

Delivery and Storage of Materials 

All materials shall be delivered in their original packages, clearly marked with the 
name of the manufacturer and brand, at least three weeks prior to use. Unless so marked 
materials will not be accepted. 

All material shall bo promptly unloaded upon arrival and protecteil from injury. 
Fabric rolls shall bo placed in suitable weatherproof buildings, and placed on their sides. 

Primer 

For priming surfaces to be waterproofed, there shall be used a mixture of the same 
asphalt used for the asphalt or plying cement and gasoline. The first-coat primer shall 
contain sufficient asphalt to give a distinct brown tint. The se(;oiid-coat primer shall con- 
tain double the quantity of asphalt used in the first coat. 

Asphalt or Plying Cement 

Asphalt or plying cement shall be prepared by careful distillation and refining of heavy 
asphaltic petroleum. It shall bo free from coal tar pitch or any of its products. It .shall 
have the following properties resulting from the i)roccss of refining, without the aid or addi- 
tion of any fluxing material : 

Melting Point — 150 to 170® F. — Ball and ring method. 

Penetration at 32® F. — at least 10. 

77® F.— 25 to 35. 

115® F.— 75 to 100. 

Ductility at 40® F. — at least 3. 

77® F.— at least 22. 

Specific Gravity at 77® F. — Greater than 1. 

Solubility in Cold Carbon Disulphide— 09.5 per cent minimum. 

Ash — 0.4 per cent maximum. 

Flash Point-^4tb(F F. 

Loss on heating 50 grams of material 5 hours at 325® F. shall not be greater than 0.5 
per cent by weight. 

Penetration at 77® F. after such heating shall bo at least 90 per cent of the penetration 
at 77® -F. before .heating. 

Ductility at 77® F. after such heating shall be at least 70 per cent of the ductility at 77® F. 
before heating. 

Saturated Fabric 

The fabric for reinforcing the membrane shall be a woven open mesh cotton fabric, 
containing before treatment no oils of any kind, and weighing not less than 5 ounces per 
eq. yd. The thread count of the fabric shall be not less than 18 and not more than 32, both 
with the warp and the filling. After treatment, the saturated fabric shall weigh not less 
than 14 ounces per sq. yd. 
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Tho fabric shall be treated by thorough saturation with the same asphalt as used for the 
asphalt or plying cement. The treatment shall be performed at a temperature not exceed- 
ing 275° F., and shall bo accomplished by immersing the untreated fabric in the asphalt 
saturant solely, followed by pressure and heat. No oils, petroleum residues, or other 
bitumen solvents shall be used in the process. The meshes of the fabric shall not bo closed 
or sealed by process of saturation. 

Tensile strength tests of tho treated fabric shall show the following tensile strengths per 
inch of width, both with the warp and the filling: 


When tested by tho "Strip” method 40 lb. 

When tested by the "Grab” method 50 lb. 


and tho stretch of the fabric shall be as follows: 

When tested by tho "Strip” method Not less than 10 per cent 

When tested by the "Grab” method Not less than 10 per cent 

The treated fabric shall be flexible at temperatures between 0 and 250° F., and shall not 
flake nor crack when bent back on itself. It shall readily conform to uneveness in the 
surface to which it is to be applied, leaving no pockets, bridges nor air holes. It shall be 
easily bent into and over corners without injury. Covering of the fabric with talc, wood 
pulp or other substances which will tend to prevent a close adhesion between tho plies or 
between tho fabric and the asphalt or plying cement will not be permitted. 

Elastic Cement 

The clastic cement used in horizontal joints for scaling the waterproofing membrane 
to adjoining surfaces of concrete, steel, etc. shall be a homogeneous mixture of asphalt and 
asbestos. It shall be elastic at 0° F. and at 120° F. Its volume sluill not be reduced by 
exposure to tho air, but it shall be physically and chemically stable, unaffected by water, 
acids or alkalies in tho solids it cements. No fluxing material shall be used in its 
preparation. 

It shall have the following properties: 

Meltino Point — 105 to 1 15° F. — Ball and ring method. 

Penetration at 77° F. — at least 100. 

SolvinLity in Cold Carbon Disulphide — 99 per cent. 

Ductility at 77° F. — at least 50. 

Tho elastic cement shall be pliable, cl.istic and ductile between 20 and 120° F. It 
shall form a complete and permanent bond with tho adjacent material, and form a joint 
which is impervious to water, yet will yield without breaking or cracking. 

Workmen 

The foreman or other workmen applying, heating or otherwise connected with water- 
proofing shall be thoroughly skilled in tho w^ork which they arc to do. 

Wet or Freezing Weather 

Waterproofing shall not be done in wet weather nor at a temperature below 40° F. 

Cleaning 

Concrete surfaces to which waterproofing is to be applied shall be trowelled to a smooth 
finish, and all surfaces, whether steel or concrete, shall be swept broom clean. 

Surfaces of concrete or steel coming in contact with the waterproofing shall bo 
thoroughly cleaned of dirt, rust, loose particles, paint and grease. Gasoline shall be 
employed for removing paint and grease from tho steel, freshening the surfaces of asphalt or 
plying cement where a junction of old and new is to be made or where a pocket of elastic 
cement is used between the steel and the fabric. Such cleaning shall bo done in advance of 
the priming. 

Surfaces of concrete and steel to be waterproofed shall bo thoroughly dry, to prevent 
the formation of steam when the waterproofing materials are applied. Damp surfaces 
shall be covered with a 2-in. )ayer of hot sand, which shall bo allowed to stand 1 to 2 hours, 
after which the sand shall be completely removed, uncovering the surfaces gradually as the 
waterproofing proceeds. 
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Non-injury of Waterproofing 

During the progress of the work, care shall be taken to prevent injury to the waterproof- 
ing membrane by the passage of men, wheelbarrows or equipment. 

Priming 

Surfaces of concrete or steel to which waterproofing is to bo applied, after being 
thoroughly dried, shall bo given 2 coats of the primer previously described. These priming 
coats shall be thoroughly applied, and worked into all surfaces, to give a uniform coating. 
The first priming coat shall bo thoroughly dry before the second priming coat is applied. 
The second priming coat shall bo thoroughly dry before the waterproofing is applied. 
Priming shall be done immediately in advance of the application of the waterproofing 

Membrane 

The structure as a whole shall be waterproofed by the membrane system ; this membrane 
is to consist of 4 layers of asphalt or plying cemont and 3 layers of saturated fabric. 

Application of Membrane 

Application of the membrane shall be started at a low point and worked toward the 
crown. The fabric shall be laid so that water will flow over and not against the laps. The 
general arrangement of the waterproofing plies shall be as show;p in Fig. 17. 

On this clean, dry surface, which has been previously primed, there shall be applied hot, 
at a temperature not exceeding 350® F., with mops, a heavy mopping of asphalt or plying 

cement, using at least gal. per sq. yd. Into this hot 
asphalt there shall be introduced a 14-in. width of fabric. 
The upper surface of this 14-in. width and adjacent concrete 
shall then be coated with asphalt and a second strip 25-in 
in width, completely lapping the first strip sh.nll be placed. 
A third strip a full width of 30 in. shall bo placed in a 
similar manner, completely lapT>ing the first and second 
strips. The fourth and oac^h successive strip shall be a full 
width of 36 in., and shiJl lap the preceding strip 25 in. 
leaving a section 11 in. wide for the full length of the 
strip in immediate contact with the asphalt or plying 
cemont mopping applied to the concrete floor. The entire upper surface of the first 
and second strips and that portion of the upper surface of each succeeding strip which 
k to bo lapped shall receive a thorough mopping of asphalt or plying cement as 
the membrane is placed. Each strip .shall be laid smooth, without pockets, bridges or 
folds, and shall be thoroughly pressed into the underlying asphalt. This process shall be 
continued until the membrane consists of 3 layers of fabric with intervening moppings of 
asphalt or plying cement. 

A final mopping of asphalt or plying cement shall then be given the entire upper surface 
of the membrane so placed, working the mops lengthwise of the strips. The completion of 
this mopping will make the mcm})rano consist of three plies of fabric and four layers or 
moppings of asphalt or plying cement. Each mopping shall be complete, thorough, uni- 
formly spread, and shall entirely conceal the texture of the surface and the weave of the 
waterproofing fabric. Under no circumstances shall one ply of fabric touch another or the 
concrete at any point, as there must bo a mopping of asphalt or plying cement between 
the concrete and the fabric and l>ctwcen each two plies of fabric — that is, each ply of fabric 
must bo completely encased in asphalt or plying cement. 

At least gal. per sq. yd. of a.sphalt or plying cemont shall be used for each mopping, 
making at least gal. per sq. yd. of asphalt or plying cement for the finished membrane. 

End laps of fabric shall be at least 9 in. and shall break joints. 

Protection of Waterproofing Membrane 

The waterproofing membrane shall be protected by a reinforced concrete protection. 
All concrete shall be composed of one part Portland cement) two parts sand and four 
parts broken stone or gravel. The broken stone or gravel used shall pass a ^^-in. screen and 
shall be held on a }^<in. screen. The upper surface of the concrete protection shall 
be trowelled to a smooth finish, sloped and formed. 



Fio. 17. — Diagram show- 
ing so-called shingling'* 
method of applying fabric in 
membrane waterproofing. 
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Drainage 

Drain pipes, down spools and other appliances for carrying the w.atcr from the structure 
shall be provided. 

li Waterproofing Costs.— Membrane applied in accordance with the 
preceding specification will, so far as materials arc concerned, cost 90 cts. to 
$1 per sq. yd. of finished membrane. The labor required in connection 
with the application of these materials will cost apinoximatcly $1 per sq. yd., 
making the total cost of the waterproofing mtimbrane, in place, for materials 
and labor, appro.ximately $2 per sq. yd. at present day prices. 
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REINFORCED CONCRETE BUILDINGSi 

GENERAL DESIGN 
By Albert M. Wolf 

1. Progress in Design. — Not over fifteen years ago reinforced concrete 
buildings were used very rarely, the lack of knowledge regarding concrete design 
and the prevalence of structural steel or timber and brick designs for buildings 
of all sorts mitigating against their use. The buildings built of steel or timber 
did not always give the best of service since, unless fireproofed, the steel frame 
building was just as vulnerable to damage by fire as a timber building. It is 
therefore not at all surprising that the use of reinforced concrete in building 
construction grew very rapidly after a few applications of the new material con- 
vinced the more advanced engineers, architects and owners of its particular 
advantages over the old types, as hereinafter set forth. 

As was but natural, the first buildings built of reinforced concrete were 
modeled very closely after the other types of construction then in use — namely, 
timber and structural steel. As a result the monolithic character of concrete 
construction was ignored almost altogether and all possible economy was therefore 
not effected. The structures also were rendered unsightly by cracks devel- 
oping in the members. After a time the principles of reinforced concrete 
became more widely known and more clearly interpreted and engineers began 
gradually to depart from the beaten paths of practice in other types and to 
treat reinforced concrete as a building material of an entirely different character 
from the then prevailing types, wood and steel. 

The monolithic character of the material was soon recognized and advan- 
tage taken thereof in design of slabs, beams and girders, with the resultant saving 
in concrete and steel. This done, the next step was the endeavor to eliminate 
some of the m^iny beams or joists to cut down on the cost of formwork and 
placement of steel. This marks the beginning of the decline of the beam and 
girder type in reinforced concrete construction; the intermediate beams so preva- 
lent in the early designs were decreased in number, until in some cases the 
construction consisted of girders supported on columns with one or two inter- 
mediate beams in one direction with the slab reinforced transverse to the beams. 
In other cases where the spans were not so great, the beams were omitted entirely 
and the slabs carried directly on the girders framing into the columns. The 
next step was the elimination of the deep girders and providing the columns 

i Fundamental principlee of reinforced concrete design are not treated in this volume but may be 
found in the volume on **Struotural Members and Connections" (see also report of Joint Committee 
in Appendix F of this volume). 
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with flaring capitals to act as supports for the slab, thus forming what is known 
as “ flat slab ” construction. The first building of this type built was the Johnson 
Bovey Company's building at Minneapolis, in 1906. This growth toward a 
more economical use of concrete and steel has been gradual and there still remain 
a few engineers and builders who have not been convinced that the flat slab type 
is as economical, strong and otherwise as desirable as the old type of beam and 
girder construction; but they are becoming fewer every day. 

As is usually the case in any field enjoying a rapid growth, there have been 
devised several systems, some being modifications of others, or differing from 
them in minor details only, and for this reason only the two main types will 
be described here. The first system evolved was the multiple-way reinforced 
slab or '‘mushroom system," consisting essentially of a concrete slab carried on 



Fig. 1. — Assembly floor, Pittsburgh Assembly Plant, Ford Motor Co. 


columns with flaring capitals, the belts of bars in the bottom of the slab in the 
regions between column capitals being carried up into the top portion over the 
columns without bending, by passing them over a heavy framework of radial and 
circular bars formed in part by the bending down of the projecting ends of the 
column bars. In this type with all belts of bars passing over the column head 
in lines directly and diagonally between columns there are four layers of bars 
over the columns. The next system devised, which is essentially different from 
the first, is the two-way reinforced or Akme Flat Slab System (see Fig. 1). 
This system employs the flaring column capital, but the radial cantilever and 
circular hoop head frame used in the mushroom system is not used, or required. 
The reinforcement consists of rectangular belts of bars in two directions only, 
the main belts between columns being bent so as to be in the top portion of the 
slab between the column heads. The bars in the portion of the slab 
endosed between the main bands are placed parallel to them and similarly bent, 
thus reinforcing the upper portion of the slab over the middle portion of the 
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advantages of a flat coiling and a con.^^idcrablo saving in dead weight (especially 
when metal or gypsum tile arc used as fili(*rs) over the solid concrete slab and, for 
long spans, oblong panels and relatively light loads, it is a very economical type of 
construction. *Thc appt^aranee of the ceiling is not as good as for the solid 
slab when clay or gypsum tile fillers are used and the ceilings are therefore gener- 
ally plastered, while where metal tile fillers are used, plastering the ceiling is 
almost obligatory. The necessity of plastering cuts down the advantage of this 
type over the flat slab for ordinary spans, but for oblong panels and light loads, 
as for roofs of one-story buildings, it can still be made to show a saving over 
flat slab construction. 

2. Economic Considerations of Design. — No fixed rules can be given for the 
most economical spacing of columns in reinforced concrete buildings since this is 
dependent upon the size and shape of the lot, the floor loads to be carried and the 
uses to which the building is to be put. 
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For large and important buildings several tentative designs with different 
column spacings should be made and the quantities of materials required for a 
typical panel computed, also the costs. OtluT things being equal, the column 
spacing giving the niinimum cost should be used. 

The cost of flat slab floors in buildings of several stories is in general less than 
that of beam and girder tyi)c floors owing to th(j sinqflc^r formwork required for 
the former. The expensive^ formwork n(H;essary in beam and gird('r type build- 
ings to care for changes in depth and widths of beams greatly increases their 
cost while adding notliing to tlie value of the finislu^d structure. For the roofs 
of one-story buildings tlie comTcitc joist and filler block type of construction will 
])rove cheaper than tluj flat slab, owing to the greaU’r j)roportion of dead load 
to be carried in the latter type?. In multiple? story buildings with floors having 
difi’e?rcnt live loads, the flat slab proves very economical since the forms can be 
r(?-uscd in all stork's, while with b('ain and girdc'i* construction the different 
sizes of memb(?rs n'fiuired, make this impossible without considerable alteration. 

If a beam and girder design is used it will b(' found more economical to vary 
the depths of beams as requircid by the difTc'rent floor loads and keep the widths 
constant. On account of the cost of changing forms it is sometimes more economi- 
cal from a construction standpoint to use deepc'r beams 1 lian are actually required 
for the most economical percentage of steel, cutting down on the ste('l reinforce- 
ment to say 0.5 of one per cent; below this it is inadvisable to go. If the 
various spans are of different lengths it will generally be found most economical 
to choose a de.pth of slab, beam or girder suitable for the average span, thus 
preserving a uniform depth of beam or slab, and varying the strength as required 
by varying the amount of reinforcement. 

The sizes of columns should be maintained as nearly uniform as possible to 
save on formwork, but it will seldom bo found proi)er to use the same size column 
in three stories even if the p(*rc(mtagc of steel is varied. Thus in a two-story 
building it will be found mon? economical to use the same size column in both 
stories, using a higher percentage of reinforcement in the lower story to take care 
of the stresses. The upper stor^^ columns will then be oversize wdiich, especially 
in flat slab construction, is a good thing since they arc thus better able to resist 
the bending stresses developed in them by unequal loading and the rigid connec- 
tion with the slab. 

In laying out flat slab buildings much can be saved on the cost by arranging 
the columns and spans so that all exterior spans (perpendicular to walls) are less 
than the interior ones by at least 18 in. or 2 ft. This will more nearly equalize 
the bending moments and not make the thickness of slab dependent upon the 
exterior spans, as is the case when the exterior spans arc longer than the interior — 
in which case the slab would be too thick to be economical on the interior spans if 
made the same thickness throughout, which is best for appearance and economy 
of form construction. 

Spans of from 18 to 20 ft. usually are the most economical for flat slab con- 
struction, as are the square or nearly square panels. The floor slabs should, 
if possible, project a distance beyond the center line between exterior columns 
to give sufficient resisting moment to carry the spandrel load in addition to 
the tributary floor load without using beams dropped below ceiling or raised 
above the floor, since these unduly raise the cost (see Fig. 2). 
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Finished cement floors are considerably cheaper than covering the slab with 
a wood floor and, where buildings are heated, there is little ground for the “time 
worn^' argument that cement floors arc unhealthful and cold to the feet of 
workmen. The fact that practically all of the concrete buildings built by the 
great automobile industry of the United States have cement finished floors 
should be convincing proof that they are entirely satisfactory. 

By exposing the floor slabs at walls they serve the double purpose of window 
lintels and a part of the architectural treatment very satisfactorily (Fig. 2). 

Just what size of building will prove the most economical or most satisfactory 
for the particular business in question depends upon several factors. First 
of all, if land is comparatively cheap, it will in general be found more economical 
to spread the building over more ground and decrease the number of stories 
than to build a four or five-story structure. This accounts for the great number 
of one- and two-story factories in small manufacturing towns, and the five- and 
six-story factories in the larger cities. 

In a building of more than one story the cost of foundations and roof, which 
are necessary but unproductive adjuncts, is spread out over two or more floors 
and hence the cost per square foot of floor for these parts is decreased. As a 
general rule a two-story building will be found more economical than a single 
story structure and, for the same length of building and the same amount of 
floor space under one roof, the former will be a better lighted and ventilated 
structure. For ordinary manufacturing buildings, a width of from GO to 80 
ft., divided into three or four bays, will insure excellent light at all points, but, 
if a one-story building is used, such widths might require a building too long 
for the purpose intended and the area desired, and a wider building with saw- 
tooth skylights over the middle bays will be found the proper solution in so far 
as light is concerned, though more expensive to build. 

Progressive manufacturers appreciate the value of equipping buildings 
with the most modern sanitary conveniences and welfare features and of construct- 
ing new factories of steel and concrete, which, in addition to being permanent, 
fire-resisting and sanitary, allow the provision of a maximum of window surface 
and ventilation, and the best possible distribution of natural and artificial light. 
Just how this can be obtained is briefly set forth in the following. 

Advantages of Good Natural Lighting . — The advantages to be gained by arranging for 
the very best of natural lighting in a factory can be set down briefly as follows: 

(1) Increased production. 

(2) More accurate work. 

(3) Fewer rejections by inspectors. 

(4) Reduced number of accidents. 

(5) More order and neatness in the shop. 

(6) Easier supervision. 

(7) Less lost and mislaid tools and materials. 

(8) Less eye strain and sickness. 

(9) Better morale in the shop force because of greater comfort and more cheerful 
surroundings. 

(10) Reduced cost of artificial lighting. 

FundamerUdl Considerations . — The three fundamental considerations of any method of 
lighting as set forth by the Wisconsin Industrial Commission in its Handbook on Industrial 
Lighting are Sufl&ciency, Continuity and Diffusion. With respect to the daylight illumina- 
tion of interiors, suflicienoy demands adequate window area; continuity requirea (a) large 
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enough window area for use on reasonably dark days, (b) means for reducing the illumina- 
tion when excessive due to direct sunshine, and (c) supplementary lighting equipment for 
use on particularly dark days; diffusion demands interior decorations that are as light in 
color as practicable for ceilings and upper portions of walls, and of a dull or mat finish 
in order that the light which enters the windows or that which is produced by lamps, 
may not be absorbed and lost on the first object that it strikes, but it may be returned by 
reflection and thus be used over and over again. Diffusion also requires that the various 
sources of light, whether windows, skylights or lamps, be well distributed about the space 
to be lighted. Light colored surroundings as hero suggested result in marked economy, 
but their main object is perhaps not so much economy as to obtain a result that will 
be satisfactory to the human eye. 

The following requirements may now be listed for good natural lighting: 

(1) Each employee in the building should have adequate natural light to properly per- 
form the task assigned him. 

(2) Windows and skylights if used, should be spaced and located so that daylight condi- 
tions are fairly uniform over the working area. 

(3) The daylight should be of such intensity that artificial light will be required in the 
building only at such times as it would naturally be considered necessary. 

(4) The windows should be such as to free the daylight which enters the building from 
glare due to the sun’s rays or light shining directly into the workman’s eyes. Rough or 
ribbed glass and .somclimcs window shades will bo necessary to attain this end. 

(5) In order to obtain the greatest effectiveness of the natural lighting the ceilings and 
walls should be of a light color which will reflect rather than absorb the light rays. To 
render the lighting more restful to the eye and to make the decorations more serviceable 
the lower 3 or 4 ft. of walls or the dado should be a darker color, preferably factory green or 
other medium colors. 

Ways of Lighting. — Natural lighting of buildings may be obtained in three ways: 

(1) The most common, by the use of windows on the side of the building, to furnish 
diffused and direct light during a large portion of the day. 

(2) 13y skylights or monitors located in the roof. These skylights are constructed in 
several forms, a common form being the sawtooth skylight with a north exposure which 
furnishes diffused light. Another kind is the horizontal or slightly hipped skylight, which 
furnishes direct light during a major portion of the day. Monitors — namely, raised por- 
tions of the roof with windows in the sides and sometimes with sash in the toi) — are a form 
of skylight which furnish diffused and direct lighting. 

(3) By the use of prism glass so arranged on the side of a building as to take up the 
direct light from the sky, change its course and redirect it into the buildings. 

The first method is of course the most common, since the second method is confined 
to the lighting of one-story structures, or to the top floors of multi-storied buildings, the 
lower floors of which can bo lighted by windows only. The third method is used only where 
adjacent buildings are so close as to make impossible the adequate lighting of a building 
by reliance on the first method alone, and on account of its expense it is avoided whenever 
possible. 

Effects of Width and Story Heights. — The modern multi-storied factory usually has a 
sash area equal to 60 to 85 per cent of the wall surface, depending on the architectural treat- 
ment and the character of the structure. For buildings up to 60 and 70 ft. in width and 
with proper story heights, these percentages of window area will give plenty of natural 
light without the use of prism glass. 

The story height necessary for proper lighting depends, of course, on the width of the 
building, the depth of floor construction and on the proximity of adjacent buildings. 
Considering that the nearest building is at a distance equtil to the width of the one under 
consideration, the following story heights will be adequate lighting for the various widths 
listed in buildings of flat slab construction. 

Widths up to 50 ft. story heights 11 to 12 ft. 

Widths of from 50 to 70 ft. story heights 12 to 14 ft. 

Widths of from 70 to 90 ft. story heights 14 to 16 ft. 

For buildings over 80 ft. in width an increase in the story height does not give com- 
mensurate increase in the lighting of the interior of the building, and greater widths are 
therefore not always economical or desirable from a lighting standpoint, unless the eenter 
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bays can bo used for some purpose not requiring the best of natural lighting, or the size of 
the lot places some necessary restriction on the width. 

If the building is too wide or the story heights too low, it may not bo possible to depend 
entirely upon natural lighting oven under the most favorable conditions, and hence manu- 
facturing space will be lost or extra expense incurred by the use of artificial lighting. Under 
such conditions the employees near the windows have suitable daylight to work in and quite 
naturally those who have to depend on artificial light most of the time become envious and 
discontented and the cost of production quite naturally rises. Then also such lack of 
harmony among the workers lowers the quality of the product. 

Since the upper portions of the windows arc especially serviceable in lighting areas at 
some distance from the windows, and since they give a reduced illumination in proportion 
to their areas to the floor space near them where the light is always sufficient, it is especially 
desirable to place the windows as near the ceiling as possible. When the sun shines through 
windows so located the direct light must be reduced or diiTused by the use of ribbed or 
hammered glass, or by window shades. 

In factorj’^ buildings the best natural lighting is obtained when flat ceiling construction 
is used, since there are no beams or girders projecting below to interfere with the uniform 
distribution or reflection of the light. 

If properly designed, a flat slab floor docs not require a deepened spandrel beam, thus 
allowing the windows to be carried up to ceiling level, with the result that the maximum 
amount of lighting area is obtained. 

Aids to Better Natural Liuhting . — No matter how large the sash area may be and what 
type of glass is used, the amount of light entering the building will he greatly reduced 
by failure to keep windows and skylights clean at all times. While this means extra cost 
and maintenance, the money is well spent, inasmuch as a saving is made on the cost of arti- 
ficial lighting. In addition to keei)ing the wiiulows clean it is essential that the interior of 
the building — that is, the walls and ceilings be kept clean at all times and painted with a 
light colored paint which will reflect rather than absorb light. Practically all modern 
factories today are painted with a gloss paint or in some cases with a flat white paint. 
The latter retjuns its whiteness for a longer period, but gathers and holds dirt and dust more 
readily than the gloss paint, and furthermore will not stand the same amount of washing 
as the gloss paint. 

Other colors than white should not be used for factory painting except the use of dark 
slate or green for a dado 4 or .5 ft. high around the walls and columns, and for push plates 
at doors. While the use of such a dado cuts down the lighting somewhat, it does not show 
finger marks and dirt which are sure to be prominent and uninviting on the lower portions 
of factory walls. 

Along with the movement for better lighting and working conditions have come such 
changes as painting machinery white instead of the “conventional black.” This means 
that the machines reflect rather than absorb light, eliminating shadows around them and 
also the chances of accidents to workers. 

3. Design Loads. 

3a. Live Loads (Floors). — Cities having building codes set forth 
the live loads on floors to be used in the design of buildings of different classes 
and the designer should be governed by them when making a design. As an 
example of good practice the following extract from the Seattle Building Code 
is given: 

Ail floors shall be constructed to bear a safe live load per superficial square foot of not 
less than tne following amounts. 

Pounds 


Public buildings 100 

Detention buildings, in cells or wards 60 

Churches, chapels, theatres, assembly halls or courtrooms with perma- 
nent seats 30 

Lobbies, passageways, corridors and stairways of the same 100 

Assembly halls with movable seats 100 
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Pounds 

Halls used for dancing, or roller skating 150 

Lobbies, passageways, corridors and stairways of same 100 

Stables 80 

Dwellings, apartment houses, flat buildings and lodging houses 50 

Class rooms in schools 00 

Assembly rooms in schools SO 

Office buildings and hotels, ground floor 125 

For floors above the ground 75 

Store buildings for light merchandise, ground floor 125 

For floors above the ground 100 

Store buildings for heavy merchandise, such as grocery stores or hard- 
ware stores 150 

Warehouses 200 

Factories and workshops, when the nature of the work is general 125 

Machine shops, armories, drill rooms and riding schools 250 


Floors in a building to be used for the sale, storage or heavy machinery, shall be pro- 
portioned to the load they may have to carry. 

Chicago (Jodc minimuin live load r(*quiremcnts arc as follows per square 
foot: 

Pounds 


Class 1. Commercial buildings not including department stores 100 

Class 2. Office buildings, hotels, clubs, lodging houses, and liospilals. . 50 

C^lass 3. Residences and hospitals for 20 or less patients, small garnges . . 40 

Class 4. Churches, assembly halls, lodge halls 100 

Class 5. Public theatres 100 

Class 6. Tenements and apartment buildings 40 

Class 7. Department stores 100 

Class 8. Schools 75 

Class 9. Police stations, stairs 100 


In the main the building codes of our larger cities, Chicago and New York 
and others have practically the same requirements as to live loads. 

36. Live Loads (Roofs), — ^Flat roofs should be designed for the dead 
load of slab and roofing and a snow (or live) load varying from 40 lb. per sq. ft. 
for Canada to 25 lb. per sq. ft. for southern latitudes. In the south the snow 
load will be very light if any, but the roof slab should be designed for a minimum 
of 25 lb. per sq. ft. live load to take care of construction loads and unusual loads 
such as may be occasioned by down spouts clogging with subsequent flooding 
of roof. The Chicago Ordinance requires roofs to be designed for a live load 
of 25 lb. per sq. ft. 

For pitched roofs a wind load should also be considered in the design. The 
wind load, which acts horizontally, varies with the velocity of the wind. A pres- 
sure of 30 lb. per sq. ft. of vertical surface is usually assumed. Several formulas 
are in existence for determining wind pressure on inclined surfaces. Duchemin’s 
formula which follows is preferred by many engineers as it is based upon carefully 
conducted experiments : 

T> « D 2 si n A. 

' 1 + sin* A 

where P *= normalpressureof wind in pounds per square foot of inclined surface. 

Pi = pressure of wind in pounds per square foot on a vertical surface. 

A » angle of inclination of the roof. 
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Where wind load is considered in design an increase of 50 per cent in allow- 
able stresses for combined live, dead and wind load stresses is allowed by good 
practice, but in no case should the section be less than required if wind forces 
are neglected. 

3c. Dead Loads. — The following is a table of dead loads to be used 
in floor design : 

Reinforced concrete 

Wood finished floor 

Screeds and nailing strips 
2-in. cinder concrete filling. 

Plaster (one side partition) 

Suspended ceiling 

Cinders 1 in. thick 

Tile (see Arts. 7c and If ) . . 

The dead loads encountered in roof design arc summarized in the following 


table : 

Material Lb. per Sq. Ft. 

Slate, Jlc thick 7.25 

Slate, yi in. thick 9.60 

Roman tiles, new style, 1 part 8 

Oriental tiles, (improved) 11 

Spanish tiles, new style, 1 part 8 

Plain tile or clay shingle 1 1 to 14 

Fancy tile laid in mortar 25 to 30 

Ludowici tile 8 

Add 10 lb. per sq. ft. for 
tiles laid in mortar. 

Pan tile 10 

Flat tile, with mortar 20 to 30 

Porous terra cotta roofing, 2 in. thick 12 

Porous terra cotta roofing, 3 in. thick 15 

Porous terra cotta roofing, 4 in. thick 19 

Solid tile, 2^ in 16 

Copper roofing sheets 1.5 

Copper roofing tiles 1.75 

Tin, including one thickness of felt and paint 1 

Felt and asphalt 1 

5-ply felt and gravel 6 

4-ply felt and gravel 5.5 

3-ply ready roofing (ruberoid, elaterite, etc.) 1 

Felt and gravel 8 to 10 

Sheet zinc 1 to 2 

Skylights, galvanized iron frame, H“in. glass 4.5 

Slylights, galvanized iron frame, Ke-in. glass 5.0 

Skylights, galvanized iron frame, J^-in. glass 6.0 


Skylight and floor glass 13 X thickness in inches == wt. per sq. ft. 


150 lb. per cu. ft. 

4 to 6 lb. per sq. ft. 

2 lb. per sq. ft. 

20 lb. per sq. ft. 

5 lb. per sq. ft. 

10 lb. per sq. ft. 

7 lb. per sq. ft. 
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4. Floor Surfaces. 

4a. Cement Finished Floors. — The great majority of concrete 
slabs in commercial and factory buildings have what are known as cement 
finished surfaces, put on integral with the slab or in some cases at some time 
after the structural slab has set up. The majority of building codes allows the 
cement finish to be considered as a part of the total slab thickness if placed 
before the concrete of the slab has set. Hence from the standpoint of 
economy as well as good design it is best to place the finish integral with the 
floor slab. (For further information regarding surfacing cement floors, see Sec. 
4, Art. 9.) 

46. Tile Floors. — ^\^arious kinds of tile floors are used quite exten- 
sively in corridors, lobbies and vestibules in reinforced concrete buildings. These 
are: Cork tile made of comprcss(*d cork shavings; linoleum tile; rubber tile; 
quarry tile, usually 6X6 in.; ornamental tile; ceramic mosaic tile; marble 
tile % in. thick; and terrazzo tile. 

In laying any tile on a reinforced concrete floor slab, allowance should be made 
for a setting bed of mortar at least as thick as the tile to be laid thereon. 

4c. Asphalt Floors. — Where waterproof floors are required, an 
asphalt mastic floor about 2 in. thick is often laid on the concrete subfloor. 
Sand or quartzite is mixed with the asphalt to give a better wearing surface. 

M, Brick Floors. — Where heavy trucking occurs or where acid, hot 
water and cold water must be resisted, finished floors of vitrified shale brick laid 
in acid-proof and waterproof cement on a bedding course of cement mortar at 
least 1 in. thick give good service. 

4e. Steel Plate Trucking Aisles. — Where very heavy and continuous 
trucking occurs along certain lines, steel plates arc often anchored to the concrete 
floor to form the trucking aisles. 

4/. Wood Block Floors. — Wood block floors have been used quite 
extensively in reinforced concrete factories. For foundries, machine shops and 
similar buildings, creosoted wood blocks 4 in. thick, set in asphalt, arc used. 

Ag, Wood Floors. — Where finished wood floors of maple or oak are 
desired in reinforced concrete buildings, it is customary to set 2 X 3-in. or 2 X 
4-in. beveled sleepers on the rough slab and anchored to the slab by clips or 
anchors set in the slab when poured. These sleepers are set 16 in. on centers and 
the space between is then filled with lean cinder concrete. On this a waterproof 
building paper with lapped joints should be laid if the slab rests on the ground. 
This is to prevent moisture from reaching the finished flooring. On ground 
floors it is essential that the sleepers be treated with a preservative to prevent dry 
rot. The finished wood flooring, usually X tongued and grooved 

material, is laid on the sleepers and blind nailed. 

Another type of wood floor, designed to avoid dry-rot on ground floors, 
makes use of a layer of sand and coal tar mixed, spread to IK in* thick on the 
base slab. This layer is leveled while still warm and soft and a layer of 2-in, 
plank embedded in it. On this the finished floor is laid, or sometimes an inter- 
mediate layer of rough flooring is laid first and the finished flooring on top 
of this rough flooring, the different layers being placed at right an^es to each 
other. 
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6. Roofings. 

6a. Concrete Surfaces. — ^Although there are numbers of examples of 
cement finished concrete roofs on small buildings giving good service without 
leakage, the general practice among engineers and architects is overwhelmingly 
against this kind of roofing surface. The reason is that it is practically impossible 
to avoid cracks in the concrete owing to the wide changes in temperature to which 
the surface is subjected. Alternate expansion and contraction will sooner or 
later open up cracks in the protective cement finish and give rise to leaks. 

A cement finish roof surface is satisfactory for the roofs of train sheds, reser- 
voirs and similar structures where absolute dryness is not necessary. 

5b. Asphalt Coating. — For unimportant concrete buildings a heavy 
coating of high melting point asphalt will often prove sufficient to waterproof the 
roof especially if the pitcli is great enough. The coating should be renewed every 
year or two to insure watertightness. 

6c. Pitch and Gravel Roofing. — A type of roofing used very widely 
on reinforced concrete buildings is the built-up j)itch and gravel roof, the best 
known being the Barrett Specification Roof, specification for which is given 
below. 

First — Coat the concrete uniformly with spoeificalion pilch. 

Second . — Over the entire surface lay four plies of specification tarred felt lapping each 
sheet 24j'2 i*'- over preceding one, mopping with specificafion pitch the full 24j''2 ui. on each 
sheet, so that in no place shall felt touch felt. 

T'hird . — Over the entire surface pour from a dipper a uniform coating of specification 
pitch, into which, while hot, embed not less than 400 lb. of gravel or .’100 lb. of slag for each 
100 sq. ft. The gravel or slag shall bo from to in. in size, dry and free from dirt. 

General , — The felt .shall be laid without wrinkles or buckles. Not less than 200 lb. of 
pitch shall bo u.sed for constructing each 100 sq. ft. of completed roof, and the pitch shall 
not bo heated above 400® F. 

5d. Asphalt Roofing. — A.sphalt built-up roofing is being used more 
and more on concrete buildings. In this typt' of roofing no gravt;! or slag is used 
to protect the asphalt top coating as in the case of the pitch and gravel roof. 
Otherwise the manner of laying is similar cxct'pt that asphalt felts and asphalt as 
a binder and cover arc used instead of tar felts and coal tar pitch. 

A specification for built-up asphalt roofing is given below: 

First prime the concrete roof surface, when thoroughly dry, with asphalt primer, using 
approximately 1 gal. per 100 sq. ft. Over the concrete thus primed mop down approxi- 
mately 30 lb. of asphalt per square, into which while still hot apply 2 layers of standard rag 
felt weighing at least 15 lb. per 100 sq. ft. Lap these sheets not less than 17 in. and mop 
same for full width of lap, using approximately 30 lb. of asphalt per square per mopping. 

Over the 2 layers of felt thus laid, mop down approximately 30 lb. of asphalt per square, 
into which, while hot, apply 1 layer of cap-felt lapping sheets at least 2 in. Over this cap 
felt mop down approximately 30 lb. of asphalt per square. 

All plies of the* roofing should be turned up at walls and curbs to a height of not loss than 
8 in. and fitted into a flashing angle. Then a flashing strip of cap-felt should be inserted in 
the flashing angle, nailed and carried down on to the roof for at least 8 in. and thoroughly 
mopped onto the main roofing and covered with asphalt. This flashing should be counter- 
flashed with copper. 

Another type of asphalt roofing is built up using asbestos felt impregnated 
with asphalt instead of rag felt. 
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6c. Clay Tile. — Where architectural effect is desired, a clay tile 
covering is often used of concrete slabs, the tile being fastened to wood cant strips 
anchored to the slab. In order to insure watiTtightiiess the roof slab should first 
be covered with heavy slaters^ felt. Clay tile can be had in various shades of red 
or green and in the form of Spanish, French, sliingle and pan tile. 

For methods of forming drainage slopes and insulating concrete roofs the 
reader is referred to the chapter on Special Roof Construction in this section. 

6. Walls. — In reinforced concrete buildings the basement walls should be of 
reinforced concrete designed after the methods given in the chapter on 
Basement W alls in this section. The walls above grade are usually built of brick, 
the outer 4 in. usually being of face brick bonded every fifth course to the 
common brick backing by header-bricks or by the use of metal ties. 

6tt. Concrete Walls. — Concretci curtain walls for the upper stories of 
reinforced concrete buildings arc not used v('ry extensively owing to the difficulty 
of obtaining finished concrete surfaces which present a pleasing appearance with- 
out too great an expenditure. 

When used in unimportant buildings, the concrete curtain walls can be made 
plain and are in general built independent of the floor construction- - that is, the 
spandrel wall docs not act as a beam to carry part of the floor load. Such walls 
should be anchored to the floor slabs and columns by means of stub bars and the 
joints keyed so as to make them watertight. The reinforcement should consist 
of at least 0.3 per cent of horizontal bars near the outer surface and about 0.2 
p(*r cent of vertical bars on low spandrels. On high curtain walls this latter 
amount should be increased to about 0.3 per cent. 

66. Brick Walls. — In the present-day reinforced concrete buildings, 
the ext(^rior walls are in general merely brick and glass enclosing curtains supported 
on the concrete framework and do not assist in carrying the loads coming upon the 
structure as in the old type of wall-bearing construction. This means that the 
thickness of brick piers and spandrels can be the minimum allowed by the height 
and architectural treatment. 

Where the exterior columns arc of rectangular shape and form the piers, and 
the floor slabs are exposed as lintels over the windows in the story below the 
support of the brick spandrel walls is a simple matter, these walls being built up 
on the floor slab between the concrete piers or columns (see Fig. 4). Ordinarily a 
wall 9 in. thick will suffice for such construction unless the spandrels are over 5 ft. 
high when it is well to use a 13-in, wall to obtain greater stability. If the build- 
ing is to be used for storage purposes wherein materials may be piled up against 
the spandrels, special attention should be given to the anchorage of the walls to 
columns and floor slabs cither by keyways or stub bars anchored into the concrete 
and built into the brickwork. 

If the architectural treatment is such that no concrete supporting members 
are exposed, then the problem of proper support for the brick and trim of the 
exterior walls is more difficult. This means that the concrete work must be so 
laid out that it is at all points at least the width of a brick (usually 4H to 5 in.) 
behind the outer face of the wall, and some method of supporting the brickwork 
and trim over openings in the walls must be used which will not show on the face 
of the wall. For spandrels of this character, it is hardly feasible to use brick 
walls less than 13 in. thick — ^that is, the backing portion resting directly on the 
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concrete floor, should be at least 8 to 8}^ in. thick to give the proper stability, 
since face brick is not generally bonded to the backing except by brick ties. 

In Fig. 5 a spandrel wall of the character just mentioned is shown. It 
will be seen that the face brick row-lock course over the windows is supported 
on 4 in. X 3 in. X ?^-in. angles anchored to the concrete floor slab with bent 
plate anchors spaced 18 in. on centers and that the backing of common brick, 



'lO. 4. — Nine-inch brick spandrel wall— - 
coiicroto floor slab and column exposed. 
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Fia. 5 . — Hrick si>andrel wall and pier 
brick facinj? of lintel supported on spand 
angle. 




Fio. 6. — Brick spandrel wall and pier — Fio. 7. — Terra cotta sill and belt course 

terra cotta lintel course supported on on brick spandrel anchored to concrete 
spandrel angle. spandrel girder. 

8H in. thick, is carried directly on the concrete slab, the face brick course being 
tied to the backing with corrugated metal brick ties. A modified spandrel of 
this type is shown in Fig. 6. Terra cotta, it will be noted, is hung from the 
supporting angle, thus covering and protecting it from damage by fire and rust 
to which the angle is exposed when placed as shown in Fig. 5. 

In either of the types of construction shown in Figs. 5 and 6, it is good practice 
to anchor the brickwork of the piers to the concrete columns, at l^ast where the 
veneer is thin, by means of metal brick ties anchored into the obluinns. It is 


m 
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also a wise precaution to provide supporting angles at floor lines for the brick 
facing of the piers. When wood column forms are used, the brick ties can be bent 
and tacked to the forms with the width of ties placed vertically so as to expose 
as little of the ties as possible to the falling concrete when the forms are filled, 
thus insuring better anchorage in the concrete. If metal column forms are used, 
the placing of brick ties in the columns is more difficult, but can be accomplished 
by tacking them to a thin wooden strip wired to the front portion of the form, 
through small holes provided for that purpose, the strip being pulled out with the 
removal of the form leaving the ties in place to be bent out into the brick joints. 

When the architectural treatment necessitates the use of projecting belt 
courses at the top of spandrel walls, care should be exercised to sec that the course 
is securely anchored to the spandrel, and further, that the center of gravity of the 
entire spandrel section lies in a plane well back of the facing course, or, in other 
words, in one intersecting the concrete slab, and not the spandrel angle. If deep 
spandrel girders are used, the wall may be anchored as shown in Fig. 7. 

Where it is impossible to comply with the foregoing, the facing materials and 
projecting courses should be anchored to concrete beams raised above the floor 
as a part of the spandrel and reinforced to act as beams between columns with the 
load applied at the side. Such beams are subjected to bending in horizontal 
planes as well as vertically and should be well reinforced with vertical stirrups 
in addition to the main bars (sec Art. 94 on Concrete Parapets). 

6c. Tile Curtain Walls. — In concrete buildings whose purpose is 
utilitarian only, considerable saving can be made by using 8-in. clay tile walls 
below the sash and covering these with cement plaster. 

7. Partitions. 

7a. Concrete Partitions. — Reinforced concrete partitions are from 
the standpoint of fire resistance the logical thing to use in reinforced concrete 
buildings, but owing to the high cost of installation, excessive weight and diflB- 
culty of removal when alterations arc desired, other types of fire-resisting parti- 
tions, such as brick, tile, gypsum block and metal lath and plaster arc more 
commonly used. For vaults, stair and elevator well partitions which are prac- 
tically permanent, 4 to G-in. concrete partitions reinforced with or 
round bars 12 or 18 in. apart in both directions with rods well anchored in the 
floor slabs can be used to good advantage. Extra rods should be provided at 
openings, some being placed diagonally at the corners of openings. Concrete 
partitions can best be poured after the floors are in place so that it is necessary to 
leave slots in the floor slabs directly over where the partitions are to be located. 

Partitions built of hollow concrete blocks or tile laid in cement mortar have 
been used to some extent and, while not as fire-resisting as a solid concrete wall, 
they possess the advantages of being much lighter and allowing changes to be 
made with less difficulty. 

lb. Brick Partitions. — ^Brick partitions from 9 to 12 in. in thickness 
are often used in concrete buildings around elevator and stair walls and for 
dividing fire walls in large buildings. The latter class should never be less than 
12 in. thick. Openings in such walls should be protected by fire doors with steel 
or channel frames to protect the edges of the openings. 

7c. Pfaaier Partitions. — ^For unimportant partitions, such as for 
small offices, toilet rooms, etc., solid plaster partitions 2 in. thick may be used, 
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made of cement or prepared plaster on metal lath or plaster-board supported 
by steel channel studs set 12 to 16 in. on centers and anchored to floor and ceiling. 
This type of partition weighs about 17 lb. per sq. ft. and is less expensive than tile 
with the added advantage of lighter weight. 

Id, Steel Sash Partitions. — For departmental and office walls 
where an unobstructed view is desired the steel sash partition serves to the utmost 
advantage. By its use small offices can be arranged along the outer walls without 
materially cutting down the natural lighting of the space beyond. These parti- 
tions are built of units similar to side wall steel sash units with vertical supporting 
members or mullions between. The lower portions of the units for a height oi 
about 3 ft. arc usually closed in with steel panels forming a wainscot while the 
upper portions are glazed with double strength glass. If wire glass is used, 
these partitions will resist considerable fire. Where desired, steel sash or tubular 
steel doors arc put in between the mullions. 

7e. Clay Tile Partitions. — Clay tile partitions are used extensively 
in reinforced concrete buildings around stair and elevator shafts, and for room 
partitions. The former should be at least 6-in. tile while the latter may be of 
4-in. tile. Where the walls are to be plastered, the tile should be scored. Tile 
should be hard-burned clay tile free from cracks, blisters and warps so as to allow 
laying up the wall as nearly plumb as possible. WIktc wood trim is to be placed 
on tile partitions, wood nailing strips and grounds should bo placed before the 
plastering is applied. In fireproof buildings, steel channel or sheet metal frames 
should be used for door openings. 

The weights of standard tile partitions are given in the accompanying table: 


Weioiit of Tjle Pahtitions 

Weight per Square Foot 

Size op Tile (In.) Weight per Square Foot (Lb.) Flamtered Both Sides (Lb.) 


3 

13 

21 

4 

15 

23 

6 

22 

30 

8 

28 

36 

10 

34 

42 

12 

35 

43 


As a general rule, a hard-burned tile weighs less than a porous or semi-porous tile, 
as the thickhess of the material can be made less. Mortar for tile work should 
be composed of 1 part Portland Cement to 3 parts clean, sharp sand — lime not 
to exceed 10 per cent by volume. 

7/. Gypsum Tile Petitions. — A partition used a great deal in office 
buildings and other fireproof buildings where frequent changes may be neces- 
sary is the gypsum block or tile partition. This type of partition is cheaper than 
clay tile and while not as fire-resistive, it possesses one great advantage — namely, 
that openings may be readily cut into it with a saw. 

These gypsum blocks are made of calcined gypsum mixed with fiber and 
molded into solid or hollow blocks. The weights of gypsum block partitions are 
given in the following table: 
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Weight of Gypsum Block Partitions 


Size of Block 

Wbioht per Square Foot (Lb.) 

Weight per Square Foot 
Plastered Both Sides (Lb.) 

3-in. hollow 

9.9 

17.9 

3-in. solid 

12.4 

20.4 

4-in. hollow 

13.0 

21.0 

5-in. hollow 

15.6 

23.6 

G-in. hollow 

16.6 

24.6 

8-in. hollow 

22.4 

30.4 


^^Holes in L /ac'Js> 


' ■ 9"Anchors 

I 6 cfrs. 
Stove Bolts 
- capo l-ectrs- 


> Abou ^l§I 


•Ed 
Jamb § ^ 


8. Windows. — In a reinforced concrete building the only types of windows 

which should be given serious consideration are rolled steel sash and hollow 
metal sash and frames. When glazed with >^-in. wire glass, such windows will 
prevent a fire from entering a building or ^ 

keep it confined in the building if it occurs ^ '4 

within. 

Since the upper portions of the windows ^ 

arc especially serviceable in lighting areas at ellts 

some distance from the side walls, it is ^ i-ectrs. 

essential that they be placed as close to the nPl 

ceiling as possible. In flat slab construct ion S-q t v 

the sash can be carried up to the und(*rside of ; 

floor slab and a maximum of light obtained. 

Details for anchoring of steel sash in brick gOT 

walls, stone sills and concrete arc shown in 
Fig. 8. These represent the best present- 
day practice. 

9. Doors. — The doors and door frames «p!_^^3^Grod/f 

used in reinforced concrete buildings should , ±- 

be fire-resisting. For office portions of fac- 

tories or office buildings hollow metal doors ^ 

1 11-1 ^ fT p ■ • • ' • chors^ 

arc best adapted since they present a fine 

appearance and can be given an excellent _ o n. • i ^ ^ -w 

/» • 1 nil 1 f 1111 j- j T ypical detail for steel sash. 

finish. The door frames should be of pressed 

metal. For factories, shops, warehouses, etc., tin clad doors, steel sash doors, 
rolling steel shutters, with steel channel frames for the openings, give excellent 
service. When such doors are used in e.xits they should be automatic closing. 
If glazed, the glass should be >^-in. wire glass. 

Factory elevator doors generally are of the Meeker or of the double-slide-up 
type, built entirely of metal and so counterbalanced as to operate very easily. 

10. Floor Openings. — Often the manufacturing processes make necessary 
numerous openings in the floor of reinforced concrete buildings in addition to the 
regular stair, elevator and pipe shaft openings, and in making the detailed design 
it is essential that the presence of these openings be considered and the reinforce- 
ment placed accordingly. For openings up to 18 in. the bars can be spread 
apart and a few extra short bars placed at right angles over the gap thus formed. 
For larger openings special framing should be used around the openings as 
illustrated in Fig. 9 which shows the methods commonly employed in beam and 




-Typical detail for steel sash. 
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girder, tile and concrete, and flat slab construction. Floor openings should be 
protected against spread of fire through them. 

11. Pipe Sleeves. — Where heating, sprinkler and plumbing system risers pass 
through the floor construction, sheet metal or pipe sleeves should be placed on the 



Fig. 9. 

forms before pouring the concrete. Where such openings are necessary in 
regions where the compressive stresses in the concrete are relatively high, the 
sleeves should be of heavy pipe in order that they may sustain the compression. 



Bolt insert. Holt is rcmovc*il boforo forms am Wrinlco insert, 

taken down, leaving the nut iu the concrete. 



Kohler pressed steel insert. Barton steel spiral socket for Dayton insert. 

lag screws. 


M 

Swority ioMrt. Havemoyer .ooket iiuort. Triuoan dottiat ioHrti 

FiO. 10. 

At other points sheet metal sleeves (filled with sand or paper while pouring 
concrete) will suffice. After the pipes are placed in the sleeves, the openings 
should be closed with floor plates or filled so as to prevent passage of fire or water 
from one story to another through them. 
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18. Supports for Shafting, Machineiy- and Piping. — In a reinforced concrete 
building it is necessary to provide permanent moans of supporting shafting, 
machinery and piping of various kinds on tlie ceilings of the various stories, 
at the time the floors are poured. This can best be done by placing metal inserts 
on the forms before placing the concrete. Various kinds of steel and malleable 
iron inserts are shown in Fig. 10. 

For permanent piping, as for heating and sprinkler systems, the layout for 
inserts for pipe hangers should be made as soon as the system is designed and 
the inserts located on the floor forms accordingly. For shafting and machinery 
which may be changed at any time, it is best to provide inserts at a spacing of 
about 3 ft. in each direction. This allows great flexibility in layout of machin- 
ery and shafting. 

13. Fire Protection. — In order to protect properly the contents of a rein- 
forced concrete building from fire, an automatic sprinkler system should be 
provided. The sprinkler tank can be located above the roof of the building 
(25 ft. as a minimum) on a reinforced concrete (see Art. 96) or steel tower, 
the building columns and footings being designed for the extra load. 

At fire escapes and stair towers it will be well to provide standpipes and hose 
reels in addition to the sprinkler system. Where the contents are highly 
inflammable, it is good practice to provide chemical extinguishers at suitable 
locations. 


FOUNDATIONS 
By Albeht M. Wolf 

14. Investigation of Foundation Site. — Before any work is done on the 
design of the foundations for a building, all available data on the condition of 
the soil at the site of the building should be obtained. In large cities like New 
York and Chicago so much data on foundation conditions encountered in construc- 
tion in the different sections is available that the designer can readily determine 
the most logical type of foundation, and the load the soil can safely carry, 
based on past experience. Should the building to be designed be much taller or 
otherwise materially different than existing structures in the immediate neigh- 
borhood, the engineer should carefully examine the various soil strata on the 
site and make load tests of the soil on which the footings arc to rest. An investi- 
gation as to the loads on foundations assumed in the design of nearby buildings, 
and their condition after a period of service, will go a long way toward confirming 
the results of test loads on soil and the correctness of assumptions made by 
previous designers. 

16. Methods of Investigation. — It is not the purpose here to enter into a 
lengthy discussion on foundation investigation and tests but rather to point 
out briefly the various methods and their limitations. For a more extensive 
discussion on the subject the reader is referred to the volume on ''Foundations, 
Abutments and Footings.’’ 

16a. Auger Boring. — One of the simplest and cheapest methods of 
investigating soil conditions for relatively shallow depths is by auger boring. 
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An ordinary wood auger or a special large size auger will bring up reliable samples 
of the earth strata passed through, and with this data at hand and a knowledge 
of loads successfully used on the various strata in the locality, the design of 
footings for ordinary one- and two-story buildings can be made. 

The auger can be used only in sand and clay soils and is useless where 
gravel strata arc encountered. It can be us('d to advantage to ascertain the 
depth to bedrock (if near surface) or the location of gravel strata. Another 
usage to which the aug(ir may be jmt is to investigate the strata below the level 
of a test pit or foundation bottom in order to dot(*rmine tlie character of the 
underlying soil and confirm the assumptions as to design loads based on actual 
soil tests. For example, should an auger boring reveal a layer of wet sand, 
clay or silt within a few feet below the level of the foundation bed in a clay stratum 
which load tests showed could safely carry a load of 2 tons per sq. ft., it might 
prove disastrous to load the clay to this amount if there were* any possibility 
of the soft layer below being disturbed by future building operations in the 
vicinity. 

The auger boring does not allow the testing of the carrying caj)acity of the 
various strata and hence only acts as a guide to the judgm(‘nt in arriving at 
design loads based on past experience with similar soils. 

Where aug(*r borings arc made to a relatively great d(‘pth, they are very 
likely to prove unreliable, especially when the d(‘pth to bedrock is to be deter- 
mined. The stratum directly over the rock is very likely to contain large stones 
or boulders and should the auger strike one of these, the operators arc very 
likely to record bedrock at that depth. 

All (‘xample of this stands out very vividly in the writ(U*’s cxp(‘rience where 
auger borings from several holes in the lot apparently disclosed bedrock at 85 
ft. below the street. The first open well or “Chicago Caisson*^ being sunk to 
this depth disclosed boulders and silt and further excavation to a dejitli of 100 ft. 
opened up a stratum of quicksand and water (of considerable depth by rod 
test), which precluded the possibility of going down to bedrock without the use 
of pneumatic caissons, which were deemed out of question on account of the 
cost of installation. The design wtis accordingly changed by sealing the bottom 
of the wells with concrete and belling out the wells in a strata of hardpan above, 
in order to get the nc'cessary bearing area. 

166. Rodding. — In cases where the upper strata of a building site are 
of soft material, and it is only desired to ascertain the depth to a solid stratum to 
determine the probable lengths of piles or the desirability of their use, a steel rod 
driven into the ground will give the desired information. If the rod can be driven 
down only a few feet, then a test pit should be dug, or an auger boring be made, to 
disclose the character of the harder stratum. 

16c, Test Pit. — The most satisfactory method of investigating soil 
conditions at a building site is by digging one or more test pits of convenient size 
at one or more locations on the lot. These can be readily carried down to a 
depth of 10 or 15 ft. if necessary, unless ground water interferes. Test pits 
actually disclose to the eye the actual soil conditions, and allowthc making of load 
tests at different levels. The cost of such methods of investigation is higher 
than for auger borings, but the test pit method is always more reliable. 
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16d. Wash Borings. — In hard soils the auger or rod cannot readily 
be used and wash borings are often resorted to. These are made by driving a 2 to 
4-in. pipe into the soil and keeping a jet of water working inside the pipe. The 
water brings the rnat(?rial to the surface where it must be collected and the results 
tabulated to show the various strata. 

The objection to wash borings is that in clay soils the clay is likely to be 
dissolved and the fine materials separated from the coarse by the action of the 
water, thus making the results appear different than the actual conditions. They 
arc much cheaper than core borings and for most soils give accurate enough results 
to serve the purpose. 

16e. Core Borings. — ^Wherc the importance of the work makes it 
necessary to ascertain the depth and nature of the bedrock, core borings made 
with a diamond drill are used. With these drills, consisting of a cutting tool 
made of diamond, shot or pieces of chilled cast iron, solid cores (about 1 in. in 
diameter) of the rock encountered arc taken out and the results and specimens 
tabulated. 

16. Load Tests on Soil. — Whc'n^ data on the safe allowable loads on soils is not 
available, no important building should be erected without making a load test 
of the soil stratum on which it is proposed to rest the footings. 

For ordinary cases a post having a base 1 ft. square supporting a load box at 
the top will be sufficient. However, for important structures, an area greater 
than 1 sq. ft. should be tested so as to approximate actual conditions more 
closely. This requires that the test apparatus be arranged to make use of the 
principle of the lever so as to reduce the amount of weight required on the test 
l)latform. 

In testing the carrying capacity of a soil stratum the soil should be backfilled 
in the pit around a cylinder through which the test post passes in order that 
a(!tual conditions in the proposed building may be closely approximated. To rest 
the test block on a large exposed area of the soil will tend to cause the soil to 
squeeze up around the block due to absence of the earth above and modify the 
results by indicating undue settlement and lower bearing capacity. 

For a detailed description of proposed standard load testing apparatus for 
soils, the reader is referred to the Progress Report of the Special Committee to 
Codify Present Practice on the Bearing Value of Soils for Foundations, etc., 
published in the March, 1922 l^occedings of the American Society of Civil 
Engineers. 

17. Bearing Values of Soils of Various Characteristics . — A building founda- 
tion should never be placed directly (a) on loam which is a mixture of organic 
matter in various stages of decomposition and sand, clay etc. ; (b) silt, peat or soft 
marl as are often encountered near streams or lakes. In such cases the founda- 
tion should be carried down through the soft material to a harder stratum below 
by the use of piles or deep piers. 

Because of the great variation in the characteristics of soils, no hard and fast 
rules can be given for the allowable bearing values of the different kinds of soil. 
A little water allowed to enter a clay stratum may so alter its character as to 
greatly reduce its load bearing capacity and in fact the presence of water greatly 
modifies the bearing value of all soils and is a danger sign for the designer. 
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Sand as generally found consists of fine particles of silica in pure form or mixed 
with various proportions of silt, loam, clay, vegetable matter, minerals and water. 
The presence of much of the last mentioned materials, except minerals, lowers the 
bearing value of the sand. As long as it is held in place by surrounding earth or 
other barriers, sand will safely sustain loads of from 2 to 4 tons in excavations of 
ordinary depth, but if mixed with clay and water, adjacent excavation and 
pumping is likely to cause it to run and thus undermine the footing. Coarse 
sand will sustain a greater load than fine. 

Gravel as found in natural deposits is a mixture of stones (varying in size from 
1 to 12 in.) and sand, and oftentimes having other substances such as loam, silt 
and clay mixed with it. Coarse gravel, if free from the last mentioned materials, 
can be safely loaded up to 6 tons per sq. ft. if found in thick layers. 

Perhaps no soil has a greater variation in its make-up than that which we call 
clay, it being a mixture of silica and alumina with a great variety of impurities. 
These impurities and the presence of different amounts of moisture give rise to a 
great numer of different kinds of clay and make it almost impossible to fix any 
bearing value except after most extensive experience or actual tests. A dry clay 
which will support a relatively heavy load will, when wet, carry a relatively small 
load, and if the underlying stratum is on a slope, the wet clay when loaded may 
slide out. This characteristic of clay makes it a very treacherous material to 
deal with and unless well acquainted with its action under load the engineer 
should use the utmost caution in the design of foundations to rest upon it. Dry 
clay in thick beds will safely carry 4 tons or more per sq. ft., but the same clay 
when wet can be relied upon to carry only a very small fraction of that amount 
because of the great tendency to settle and squeeze out under load. 

In Chicago where the great majority of the buildings except sky-scrapers rest 
on clay, the bearing value for footings is specified by ordinance as the result of 
years of experience, and is as follows: 

(а) If the soil is a layer of pure clay at least 1.5 ft. thick, without admixture of any 
foreign substance other than gravel, it shall not be loaded to exceed 3,500 lb. per sq. ft. 
If the soil is a layer of pure clay at least 15 ft. thick and is dry and thoroughly compressed, 
it may bo loaded not to exceed 4,500 lb. per sq. ft. 

(б) If the soil is a layer of firm sand 15 ft. or more in thickness, and without admixture 
of clay, loam or other foreign substance, it may be loaded not to exceed 5,000 lb. per sq. ft. 

(c) If the soil is a mixture of clay and sand, it shall not be loaded to exceed 3,000 lb. 
per sq. ft. 

Hardpan is the name given mixtures of clay, sand and gravel usually found at 
considerable depths below the surface, some of them so hard that they can only 
be removed in smAll pieces by picks or chisels which require frequent sharpening. 
Where there is no danger of undermining, hardpan in thick beds can be safely 
loaded to 8 or 10 tons per sq. ft. 

Rock in its natural bed, when not decayed, will safely carry almost any load. 
In fact the load applied will be limited by the strength of the concrete in the 
footings, except where the rock strata are inclined or likely to slide on their base. 
Soft or decayed rock will not support a greater load than gravel. 

18. Allowable Foundation Loads.— As a summary of good practice the 
following allowable loads per square foot for various soils are given 

1 N«w York Building Code, 1016. 
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Wet clay 1 ton 

Wet sand 2 tons 

Firm clay 2 tons 

Sand and clay mixed or in layers 2 tons 

Fine and dry sand 3 tons 

Hard dry clay 4 tons 

Coarse sand 4 tons 

Gravel 6 tons 

Soft rock 8 tons 

Hardpan 10 tons 

Medium rock 15 tons 

Hard rock 40 tons 


19. Relative Allowable Pressure on Soil. — The bearing power of various 
soils lias been discussed in a general way in Art. 17, but in actual foundation design 
for a building it will be necessary to modify or discount these values in accordance 
with the height and character of loading of the building. That is, for the same 
soil conditions a lesser bearing value should be used for a high building than for a 
low (one or two-story) building, since any inequality in the loading of the build- 
ing, or in the bearing value of the soil, might result in a serious overload on the 
soil in that section and possible failure due to unequal settling of the high struc- 
ture, while the low one under the same circumstances might be little harmed. 
Then again, tlie relative bearing value of the same soil should be taken as less for 
a large multi-storied warehouse designed for heavy floor loads, than for a low 
(three- or four-story) building with comparatively light floor loads. Briefly, this 
means that any table of bearing values for various soils should be used with a 
groat deal of discretion and modified to correspond with what experience has 
taught to be safe values for any certain district. 

If the soil on which the footings arc to rest is likely to flow under load, or be 
disturbed by other foundation work adjacent, or by seepage or drainage into 
sewers, special precautions should be taken to retain the soil. This is especially 
necessary where the foundation bed is of wet sand which might be pumped out 
in keeping the water out of excavations. Lines of sheet piling of concrete, steel, 
or wood, driven down to a depth below which any subsequent excavation is 
likely to go, will usually give the desired results. 

For the footings of buildings without basements the footings need only be 
carried down below the maximum frost line. This rule holds good for footings on 
solid rock as well as in earth, since much damage can be done by the freezing 
of water which may find its way into fissures in the rock under footings. After 
getting below the frost line, in general it will not be economical to excavate deeper 
unless a soil of greater bearing capacity can be found at such depth as will make 
the saving in concrete and steel in the footing, due to the lesser area, greater 
than the extra cost of excavation. However, in compressible soils, such as 
various clays and in wet sands, the footings should be carried down below the 
line of possible danger of disturbance or lateral displacement of the soil by adja- 
cent building operations, or to such depth that the weight of the soil above will 
prevent heaving at the periphery of footings under load. 
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The bearing power of the soil under many buildings has been improved by 
drainage of the foundation bed by means of lines of drain tile laid adjacent to 
the exterior or wall footings and slightly below the bottom of these footings. 
In this way any ground or surface water, wdiich may find its way to the level 
of the bottom of the footings and tend to lower the bearing value of the soil 
by the attendant softening thereof, is conducted a way from the foundations. 
Where such drains are laid in sand, the joints of the tile should be carefully 
wrapped with burlap to prevent the entrance of the sand, for the movement of 
the sand might undermine the footings. 

Sometimes heavy layers of sand or gravel have been placed in bottoms of 
excavations in poor soils in order to improve the bearing capacity, but this method 
is of extremely doubtful value if the undersoil is soft, for when put under load 
the tendency is for the added material to squeeze into the natural soil and so 
cause settlement. The better method of increasing the allowable bearing on 
compressible foundation beds such as clays, is to drive short piles as close to 
each other as possible over the foundation area, thereby compressing the soil and 
raising its bearing power. 

20. Proportioning Footings. — The aim in all footing design where the founda- 
tion bed is at all compressible is to have the unit bearing pressure as nearly uniform 
under various conditions of loading as is possible, in order that th(} settlement, if 
any, may be uniform. The present-day methods of monolithic reinforced con- 
crete construction greatly reduce the possibilities of unequal settlement since 
the strength of the connecting units — columns, slabs, beams, girders, or all com- 
bined — act as a stiff framework, transferring some of the load to adjacent column 
footings, where one footing tends to settle unequally, thus relieving the situation. 

To have the bearing pressure under all footings uniform or very nearly so 
is impossible of attainment under all conditions of loading because of the fact 
that the interior columns carry a greater percentage of live load than the exterior 
columns. The problem, therefore, resolves itself into approximating equality of 
soil pressure by making the footing areas proportional to loads which include 
only a part of the live load- say ,50 per cent or less, or none of the live load — 
depending on the character of the occupancy. This results in relatively larger 
footing areas for exterior columns (for a given bearing value) as compared with 
the interior, than would be the case if the full live load were considered in 
proportioning the areas of footings. 

The loads to be considered on building foundations are: (1) The cLt‘ad load 
of the building; (2) the live or movable loads to which the floors may be subjected; 
and (3) the wind loads. The latter loads arc in general neglected on buildings 
having a width as great or greater than the height, or where the side walls are 
protected by other buildings. For very narrow and high buildings it is essential 
that the wind loads be considered, for in buildings only two or three bays wide 
the loads on the leeward footings may be considerably increased by wind loads* 
and unless they are proportioned accordingly, unequal settlement is very likely 
to occur. 

The dead load, or the weight of the structure itself including walls and parti- 
tions, can be readily computed. The maximum allowable live load can also be 
readily computed, but it is evident that a building very seldom carries the maxi- 
mum allowable live load over the entire area of each floor at the same time. 
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Aisle spaces, unloaded areas, and partially loaded areas generally considerably 
reduce the actual live loads on the various floors, and it would therefore be wrong 
to proportion the columns and footings for the full allowable live load for which 
the floors may be designed. 

The usual practice in building design, therefore, is to design the floor slabs 
for the full allowable live load per square foot, the girders for 85 per cent of 
this allowable, or assumed live load, and a further reduction is made on the 
amount of live load carried by the building columns. The reduction of live 
load for columns varies with different c^ty ordinances, the idea in general being 
to design the columns as nearly as possible for the probable actual loads they will 
receive owing to the conditions mentioned in the preceding paragraph. 

The Chicago Building Code fixes the amount of live load to be used in com- 
puting the live load carried by the columns as follows: For the roof, full live 
load; for the first floor below the roof, 85 per cent of the live load; and for each 
succeeding floor below, a further reduction of 5 per cent until a reduction of 
50 per cent is reached, after which no further reduction is allowable. Not con- 
sidering the roof load — as this is usually only 25 lb. per sq. ft. — the above reduc- 
tion formula gives the live load carried to the footing as 67.5 per cent of the total 
allowable live load (based on the assumption that the allowable live load on 
all floors is the same). 

Other column load reduction formulas are used, the more common being that 
recommended by the National Board of Fire Underwriters, namely: 

In buildings more than five stories in height, the following reductions arc permissible: 
For columns supporting roof and top floor, no reduction; for columns supporting each suc- 
ceeding floor, a reduction of 5 per cent of the total of live load per floor may bo made, but the 
total reduction shall not exceed 50 per rent. 

No reduction of live load on columns shall be permitted in buildings where the assumed 
floor load is more than 120 lb. per s<i. ft. and is likely to be permanent in character, as in 
warehouses, printing houses, machine shops, etc. 

J<'or structures carrying machinery, such as cranes, conveyors, printing presses, etc., 
at least 25 per cent shall bo added to the stresses from live loads to provide for impact and 
vibrations. 

These two latter requirements of the UnderwTiters^ Code seem a little severe 
and increase the cost of a building considerably by the greater size of columns 
required. 

The lower story column live load, as arrived at by the above reduction 
formulas, is the load for which the maximum stresses in the footing should be 
computed. For interior column footings this load should be used together with 
the dead load to find the area of footing required, using the maximum allowable 
bearing pressure on the soil in question. 

After having found the footing area required, divide the sum of the dead 
load and 50 per cent of the lower story column live load (as reduced) by said area, 
and a new bearing value be will found. Now take the exterior colunm dead 
load plus 50 per cent of the lower story column live load (as reduced), and divide 
by the new bearing value found above. The result will be the area for exterior 
footings. In computing stresses in the exterior footings, however, the lower 
story column live load as reduced (not 50 per cent of said live load), plus the 
dead load, should be used. 
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Illustrative Problem. — Determine column footing areas for a three-story and basement 
building with floor loads of 200 lb. per sq. ft., roof load of 25 lb. per sq. ft., and panels 20 X 
20 ft. Column loads are to be reduced in accordance with the Chicago Building Code. 
Maximum allowable soil pressure is 4,000 lb. per sq. ft., neglecting weight of footing. 
Interior column load: 

Dead load 193,000 1b. 

Live load 202,000 lb. 


Total 395,000 1b. 

Dead load plus 50 per cent of live load = 294,000 lb. 

Exterior column load: 

Dead load 14.3,000 lb. 

Live load 100,000 lb. 


Total 249.000 1b. 

Dead load plii.s 50 per cent of live load = 196,000 lb. 

Interior column footing area required = ft. Make footing 10 ft. 

square = 100 sq. ft. 

Pressure on soil for dead load plus 50 per cent live load == |qq = 2,940 lb. per sq. ft. 

Area of exterior footing required = ^2^940^ = 06.6 sq. ft. Make footing 8 ft. 2 in. 
square. 

In computing stresses in the footing, the pressure for full live and dead load must be 

taken. This equals = 3,740 lb. per sq. ft. Prom this it will be noted that while 

under total live and dead load the pressure under the interior footings is 4,000 lb. per sq. ft. 
Under the exterior footings it will be only 3,740 lb., which indicates that the design is such 
as to preclude any marked difE'crcnco in settlement of the exterior and interior footings. For 
dead load only the pressure under the exterior footing equals 2,166 lb. per sq. ft. and under 
interior column footing equals 1,930 lb. per sq. ft. 

In cases where the assumed live load is very small — say 40 lb. per sq. ft. — it may be well 
to proportion the footings for dead load only, but in general it will be bettor practice to 
include a certain amount of the lower story column live load — say 30 per cent for buildings 
with light loads and 50 per cent or more for buildings with heavy live loads of a more or less 
permanent character. 

21. Wall Footings. 

21a. Plain Concrete. — In structures of the wall bearing type — ^that 
is, those where no exterior columns arc used, the floors resting directly on the 
exterior brick o^ concrete walls — one to tliree stories high, stepped footings of 
plain concrete are generally used. To find the width of footing required, the 
total load per linear foot (with live load reduced) as hereinbefore recommended 
should be divided by the allowable soil pressure. The necessary width at the 
bottom of the footing is then obtained by using a sufficient number of courses 
or stQps, each one projecting beyond the one above a distance equal to one-half 
the thickness of the course. 

216. Reinforced Concrete Wall Footings. — Where the allowable soil 
pressure is low or the wall load great, the width of footing required is likely to be 
so great as to make the use of plain concrete uneconomical. In such cases a 
reinforced footing should be used. 
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The bending moment at any section of such a footing at a distance x from 
the end (Fig. 11) will be ilf = }4wx^, where w is the uniform bearing pressure 
per linear foot of footing for a given width of section. Now if I is the extreme 
width of footing, and a is the thickness of the wall, the bending moment at the 
face of the wall which is the critical section will be 

M = Hw(l - a)2 

In designing reinforced concrete cantilever footings for walls, special con- 
sideration should be given to the ascertaining of bond stress and diagonal tension. 
In computing the maximum bond stress on bars, Talbotts tests show that the 
total external shear at the face of the wall should be used in the formula for unit 
bond stress. In computing the shear for diagonal tension, however, it should 
be taken on a line at a distance away from the 
wall equal to the effective depth of the footing. 

In view of this fact diagonal tension is quite likely 
to govern in the design of footings composed of a 
number of steps or with a sloped top, since the 
depth is generally less at a distance d from the 
face of the wall than at the wall. As a general 
rule it will be found better practice, from the stand- 
point of design and construction, to keep down the 
amount of diagonal tension reinforcement by making the footing courses relatively 
thick. In any event the reinforcement for diagonal tension should be bent to 
template and proper supports provided to ensure its proper placement and 
location in the finished work. 

21c. Eccentric Loading. — Sometimes local conditions and lot line 
restrictions make it necessary to omit the footing projection on one side of the wall. 
This gives rise to a condition of eccentric loading with a pressure on the soil 
varying from a maximum on the side of the wall on which the footing is omitted, 
to a minimum at the other edge of the footing. Such a condition should be 
carefully investigated and the footing so proportioned as to keep the maximum 
pressure within the allowable safe load on the soil. In no case should the line 
of the resultant of pressure on the footing lie outside the middle third of the 
footing, for such a result indicates an uplift at one side of the footing. 

22. Plain Concrete Column Footings. — From the results of tests and the 
uncertainty of the tensile strength of concrete, the best practice in the design of 
plain concrete footings would seem to be to so proportion them as to keep all 
bending stresses very low or practically negligible. 

In a reinforced concrete footing the load is transmitted to the soil over its 
entire area by virtue of the deflection or deformation of the footing under load, 
while in a plain concrete footing on a hard soil or rock the load tends to distribute 
only over such area as lies within the base of a p 3 rramid or cone formed by the 
lines of stress from the base of the column to the bottom of the footing. The 
general practice is therefore based on the assumption that the load is oarried 
through the concrete at an angle of 30 deg. with the vertical. If all the projec- 
tions lie outside of a line drawn at 30 deg. with the vertical from the edge of the 
column to the bottom of the footing, no bending stresses greater than the concrete 
is capable of resisting safely, will exist. The simplest form of a plain concrete 
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footing would therefore seem to be a p3a*amid or cone, but owing to the difficulty 
of holding the forms on footings of this shape, stepped or coursed footings are 
used with all projections lying outside of the above mentioned line of stress. 
To design a plain concrete footing on this basis, first find the area of footing 
required, and from one-half the width of the bottom course subtract one-half 
the column size, and divide the result by the tan 30 deg. This will give the 
required height of footing. Then divide the footing into as many vertical steps 
as desired keeping the projections entirely outside of a 30-dcg. line with the ver- 
tical from the edge of the footing to the edge of the column. If this method 
is followed, the safe punching shear value of 120 lb. per sq. in. will never be 
exceeded in the footing. 

In stepping off plain concrete footings the steps should be at least 12 in. high 
and preferably more. The area of the top course should be such as will allow 
the maximum bearing value on the footing concrete directly under the column base. 

For footings on rock or on soil capable of sustaining relatively high unit loads, 
plain concrete footings should be used rather than reinforced concrete since, 
owing to the unyielding character of the foundation, the reinforced concrete 
footing could not act as designed. 

Where excavation must be carried to a considerable depth below the ground 
floor lino, it will often be found more economical to use plain conenite footings 
since no saving can be made in excavation, which generally makes for economy 
in reinforced footings. Then also, the footing concrete will usually be cheaper 

than the extra length of reinforced concrete column 
required if reinforced footings without x)linth blocks 
are used. 

23. Advantages of Reinforced Concrete Foot- 
ings. — ^Except in certain cases as mentioned above 
where plain concrete footings can be used to ad- 
vantage, reinforced concrete footings will in 
normal times be found the most economical, 
since a saving in excavation, material, and weight 
of the footing itself can be made. 

A study made by the writer a few years ago as 
to the relative cost of various shapes of reinforced 
concrete footings developed the conclusions that 
footings with sloping tops are more expensive to 
build, single course footings next, and a decreasing 
range of cost as more courses, for a given depth, 
were used in the footings. 

24. Design of Isolated Column Footings of Reinforced Concrete. — The 
methods of design set forth by Professor A. N. Talbot of the University of 
Illinois in a bulletin (No. 67) of the Engineering Experiment Station as the result 
of a series of tests made at the University are now generally accepted as the proper 
ones to use in the design of the reinforced concrete footing and they will accord- 
ingly be briefly explained. 

Referring to Fig. 12, the value of the bending moment in one direction is given 
by the formula 
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where w is the upward unbalanced pressure or soil reaction in pounds per square 
foot. 

The width of footing in which the steel is effective in resisting moment equals 
a + 2d + - a - 2d) 

The load producing punching shear equals 

( 6 - — a^)w 

The unit punching shear equals 

(h^ — a^)w 

4ad 

The load producing diagonal teiusion in one direction, 

V = [b^ - (a + 2d)^]w 
The critical vertical shearing stress becomes 

V 

^ 4(a + 2d)jd 

I’lie bond stress 

_ F __ (nc + c^)w 
fnojd mojd 

where m = number of bars, and o is the periphery of oiui bar. 

The stresses recommended in connection with the above formulas arc those 
of the Joint Committee: 

ft = 16,000 lb. per sq. in. 

fc = 050 lb. per sq. in. in 1 : 2 : 4 concrete. 

Punching shear = 120 lb. per sq. in. 

Shear as nioasiirc of diagonal tension = 40 lb. per sq. in. 

Bond = 80 lb. per sq. in. for plain bars and 100 lb. for deformed bars. 

Illustrative Problem. — Design :in isolated footing to support an interior column 24 in. 
in diameter. 

Lower story D.L. + L.L. = 37r),000 lb. 

D.L. + 50 per cent of L.L. = 280,000 lb. 

Allowable pressure of soil, neglecting weight of footing = 4,000 lb. i)er sq. ft. 

Footing area required = = 93.75 sq. ft. 

Use footing 9 ft. 8 in. square. 

The load producing punching shear c(iual.s 

““ Ao !^ -(375.000) = 360,000 lb. 

93.75 

Depth for punching shear = (75^4)(ll20) 

Use a 40-in. depth to .steel with 4 in. below center of steel, 
making the total depth 44 in. 

The shear as a measure of the diagonal tension is measured 23 

at a distance from the face of the column equal to the depth of producing shear, 
footing to center of steel, or 40 in. The area between the square. 

formed by lines 40 in. from the face of the column and the edge of the footing produces 
shear on the vertical planes through line EFGH (Fig. 13). 

Total shear on EPGH => = 76,000 lb. 

90.75 

Using a unit shear value of 40 lb. per sq. in., the depth necessary at the plane in question 
may be found. Thus 

^ (40) (4) (104) (0.876) " 
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This is less than the minimum of 12 in. recommended for the thickness at the edge of the 
bottom course and hence the footing will not fail by diagonal tension. 

The area of the top of the footing on which the column bears should be at least twice the 
area of the column, in which case a bearing of 600 lb. per sq. in. is allowable under Chicago 
Ordinance and 700 lb. per sq. in. under Joint Committee Rules. The balance of the load 
in the column must bo transmitted to the footing by stub bars embedded for one-half their 
length in the footing. For the footing in question the top area should be at least 6.28 
sq. ft. For practical purposes the projection beyond the column face should be at least 6 

in. so that the column forms can be rested thereon without 
difficulty. This means that the top of the footing will be 3 ft. 
square. If sloping sides are used, they should bo sloped from 
the 3-ft. square lino to a lino giving at least 1-ft. total depth 
^ 1 footing at edge. This will meet all shear requirements, 

•*— • ■■ , 4 ^ above computation shows. If a stepped footing is 

\ ft ff’asf used, a good practical rule to follow is to keep the steps 

outside of a line drawn from the center of the column to 
the edge of the base in the plane of the reinforcement (Fig. 
14). The outline of a sloped footing is also shown in Fig. 14. 

'J'esting for shear at the face of the next to bottom step 
for the stepped footing wo have 

Lifc±_M 


1 








m 




-(375,000) 




= 39 lb. per sq. in. 


(4) (80) (0.875) (18) 

This indicates that the outline of the footing is such as will 
not require the use of stirrups to take care of the shear in the 
concrete. Kxcept where local or special conditions demand it, 
footings should be designed so as to avoid the use of stirrups. 
The bending moment in each set of rods is 

U = [(0(3.83)2 ^ (0.6)(3.83)3](4,000)(12) = 2,483,200 in.-lb. 


Fig. 14. — Design of isolated 
footing. 


The area of steel reejuired equals 

. 2,483,200 

(16.000) (0.875) (40) “q- 1“- 

The effective width of footing equals 

24 + [(2) (40)] + 6 = 110 in. = 9 ft. 2 in. 


Inasmuch as no bars should be placed closer than 3 in. from the edge of the footing, they 
will be effective in resisting bending if placed in a band 9 ft. 2 in. wide. For the area of 
steel required in each band, fifteen round bars will be ample. 


The bond stresses on each set of bars 

(360,000) (0.25) 

“ “ (1.90)(i5)(O.875j(4O) 


87.5 lb. per sq. in. 


If deformed round bars are used with an allowable bond stress of 100 lb. per sq. in., the 
number and size of bars as selecto<l will be satisfactory, while if plain bars are used, a larger 
number of smaller sized bars will be required to keep the bond stress within the allowable 
80 lb. per sq. in. 'J'he details of the footing are shown in Fig. 14. 


26. Rectangular Isolated Footings. — ^Lot line restrictions and the location of 
machinery foundations etc., often make necessary the use of rectangular isolated 
footings. The design of such footings follows the same procedure as for square 
isolated footing except that the bending moments produced on planes at right 
angles, to each other are different, owing to difference of cantilever length. 

Where the length of the footing is not greater than 50 per cent more than the 
breadth, the moments at the different sections (Fig. 15) arc 

J!lf(i_i) = (H 0^2 + 0.Qc^b)w 

M( 2 - 2 ) = + 0.6c6*)u; 
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Where the length exceeds the breadth of footing by more than 60 per cent, 
as shown in Fig. 16, the moments are 


A/(3-3) = 


A/(4-4) = 





FlO. 10. 


26. Combined Column Footings. — Combined column footings — that is, 
those where one or more exterior and interior columns are carried on a common 
footing— -are not as economical as isolated footings, but where the exterior columns 
are located close to the property line, or where street restrictions do not allow the 
use of a symmetrical isolated footing, they must be used. 

In such a footing, the exterior column in question is carried on a common 
footing with the adjacent interior column, the footing being of such size and shape 
as to give the required bearing area and to make the center of gravity of the loads 
coincide with the center of the upward reaction. This is essential in order that 
any settlement which might occur will be as nearly uniform as the character 
of the soil will allow, and also to avoid dangerous transverse stresses in columns. 
At corners of buildings it often becomes necessary due to the above mentioned 
restrictions, to place four columns on a combined footing, which may be solid 
or with a portion of the center omitted if the bearing value of the soil is relatively 
high. 

Various shapes of combined footings can be used depending upon the relation 
of the column loads, the allowable projection of the footing beyond the respective 
column center lines, and whether or not relatively high shearing stresses are 
allowed. From the standpoint of economy the rectangular shaped footing with 
a greater thickness under columns (to take care of punching and diagonal shear) 
is the best. In such a footing fewer different lengths of bars are required, the 
transverse bending stresses are reduced to a minimum and also the amount of 
diagonal tension and direct moment reinforcement. The two latter reductions 
are possible because of the greater thickness of slab, in the same manner as the 
allowance for the flaring heads in flat-slab construction. 

A combined footing of uniform thickness is not economical owing to the fact 
that the span producing moment must then be taken as the clear distance 
between columns, which gives a greater bending moment than if plinth blocks 
are used under the columns. Then also if the thickness of the footing satisfies 
the shearing stress requirements, the depth for moment will be excessive, or vice 
versa. A combined footing of uniform thickness should not be used except for 
small footings or where local conditions require. 

The following example illustrates the design of a rectangular combined footing; 
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Illustrative Problem. — Design a combined footing to carry an interior column and an 
exterior column (19 ft. c. to c.) with loads as follows: 


Coi.uMV Dkai> Load Live Load Total 

Interior 19:1.000 202.000 395.000 

Kxterior 14.3,000 100,000 249,000 


The interior column is 24 in. in diameter and the exterior 2X3 ft., allowable load on soil 

4.000 11)., weight of footing being neglected. 

The area of fooling reiinircd for the interior column = ~ *^0 scj. ft. Use 100 

sq. ft. 

With a footing of this size the pressure on the soil for dead load plus 50 per cent of the 

live load carried by the column — ~ = 2,940 lb. per sq. ft. 

The exterior column foolings should be proportioned for the dead load plus 50 per (jeiit 
of the live load, hence the bearing value of 2,940 lb. should be used in determining t he area 

required which equals ^ (j|q = 00.0 sep ft. 

Thus the tot.nl area required for an interior and an exterior column equals 106.0 sq. ft. 
Now the center of gravity of the combined footing must coincide with the center of gravity 

of the loads, and since the latter is located at =11.4 ft. from center of exterior 

column (by taking moments about center of exterior columns), the footing must bo 
2(11.4 + 1) ~ 24.8 ft. or 21 ft. 9^/2 long. Use 21 ft. 10 in in computations. The 

width required equals o o** ^-72 ft. Use a width of 0 ft. 9 in. 

Js .8 

Since the total load on the interior column is 395,000 lb. and on the exterior column is 

249.000 lb., the average pre^^sure on the soil for full live load will bo 


044.000 

166.6 


3,860 lb. per scj. ft 


This pressure will be u.sed in the detail design of footing. In this, as in the other examples, 
the maximum allowable .soil pressure has been assumed at 4,000 lb. per sq. ft. and the weight 
of footing ncglec.tcd in the (computations. In other words, the soil has been assumed to be 
capable of bearing the addition.al load due to the weight of the fooling. 

The negative moment due to the overhang of the footing beyond the center of interior 
column 1 will reduce the maximum moment in mid-portion of the footing and amounts to 

itf(i-i) = (0.75) (4.83) ("* 2 '*) (12) (3,800) = 3,040,000 iii.-lb. 

Maximum moment between columns 1 and ^ — 2 ( i-i) = 

(3,860)(6.75)(19)*(i?h) - 1,820,000 = 12,270,000 in.-lb. 


Depth required for moment 

^ 12,276,000 

* Kb (108) (6.75) (12) 


1,405 


d = 37.6 in. say 38 in. 


The depth required for punching shear at interior column 

395,000 - (3. 14) (3,860) 
(75.4)(i20) 


di = ' 


42.5 in. 


At exterior column (only three faces of column offective in punching shear) 


d2 


249,000 - (6) (3,800) _ _ . 

(84)(120) ■ -22.5 m, 


Taking into consideration the depths rccpiired for moment and punching shear, a depth of 
38 in. to center of steel (42 in. total) will be used for the main footing slab and an extra 
block of concrete (6 in. thick and 6 ft. wide with a length equal to the width of footing : 
will be used under column 1. 
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Bond stress u 


XO 11). per sq. in. 


Using the depth of 38 in. the rirea of steel required in llie bottom of thc'slab at column 
1 equals 

. _ 3.^.000 

(16,000) (0.875) (3S) “Mn. 

Use sixteen ^ 4 -in. rounds = 7.06 sq. in. 

, (3,800) (4.83 - 1) (6.75) 

l»ondstre.ss« «o Ih. per sq. in. 

Plain bars will be satisfactory. 

The area of steel required in top of slab between colunins 

12,270.000 ,, 

(fG.006)(6.875)(3S) 

Use twenty-three ij^-in. rounds = 23 sep in. approximately. Bend tliesc bars down 
into the footing slab at the end under column 2 to anchor them and to aid in resisting the 
tendency of the concrete to shear oil on a line a-a, Fig. 17. 


23 sq. in. 



Li.xj 1.1 iJa 


n 




Fig. 17. 


The shear at the side of columns 1 and 2 = 221,000 lb. Bond stress in bars equals 

221,000 ,, 

“ (23) (3.53) (0.875) (38) *>•2 »>. Per hq. in. 

Plain round bars will do. 

The footing will now be investigated for shear. The shear as a measure of diagonal 
tension is taken at a line at a distance d from the face of the column, and eciuals (5.33) 
(6.75) (3,800) = 139,000 1b. 

® “ (6.76)'(i2) (0.875) (38) 

This means that stirrups will have to bo used in the footing. 

139 000 /2\ 

A, for stirrups * 16^00 V 3 / ^ ” 38-in. length of footing. 

Five J^-in. round stirrups with six verticals each will give 5.85 sq. in. of steel. These 
will he spaced at 9 in. centers at each column. 

The transverse bending in the footing should next be investigated. 

Al column 1 : 

^ 1.975.000 in.-Ib. 

A U76.q00 _ 3 2 «, in 

(16,000) (a876)T44) • 
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Use eight round bars in a width of 0 ft., allowable effective width = 2 ft. plus 7 ft. 

4 in. or 9 ft. 4 in. ; 6 ft. is used since this is the width of a footing of 44-in. depth. 

«)3,500 II- 

“ = -(8) (2.35)(0.876)(44) = P" 

Plain bars will be satisfactory. 

At column 2 : 

K = )(12) = 983.600 in.-lb. 

A» = 1.85 sq. in. 


Use six J^-in. rounds in a width of 5 ft. (column plus depth of footing = 02 in.). 

Place four ^-in. rounds, as distributing bars, in the remaining distance between the two 
bands of transverse reinforcement above computed. 


27. Cantilever Footings. — A combined footing is sometimes erroneously 
called a cantilever footing, since in the former the center of gravity of the 
column loads coincide with the center of gravity of the upward reaction, while 



in the latter type two separate footings are tied together by a strap (see Fig. 18) 
which transfers the uplift caused by placing one column eccentric with the center 
of reaction of its footing. Cantilever footings are often used where property and 
street line conditions do not allow the placing of isolated footings and the footing 
area required would make a combined footing very narrow. 

In designing a cantilever footing, the uplift caused at the footing (which fa not 
eccentric with its column) fa found by multiplying the full live and dead load on 
the exterior column (which fa eccentric with respect to its footing) by the eccen- 
tricity of the latter footing, and dividing by the distance between the centers of 
gravity of the two footings. The exterior footing should be designed for the base- 
ment column live and dead load plus the amount of the uplift computed, in the 
same manner as any isolated footing, while the footing which is not eccentric 
with its column should be designed for its full basement column live and dead 
load neglecting the uplift. 
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The strap connecting the two footings and thus transferring the uplift must 
be designed to resist the bending moment produced in it by the eccentricity of the 
one column and the shear produced at the non-eccentric footing which counter- 
acts the tendency of uplift. The bending moment equals the eccentric column 
load times the eccentricity with respect to footing. The width of strap to resist 
shear caused by uplift equals the uplift divided by the product of the effective 
depth of strap times the allowable shearing stress. 

To eliminate stirrups a shearing stress of 40 lb. per sq. in. should be used in 
design of the strap. The bars, to resist the bending in the top of the strap, should 
bo bent into hook form at the end under eccentric columns, to anchor the bars 
and also to provide extra shear reinforcement owing to the location of the column 
at the edge of the footing. In construction the strap beam should be built so as 
not to bear on the foundation bed which would complicate the action of the foot- 
ing. This requirement can be met by excavating below the line of the bottom of 
the strap and building a bottom form to support the concrete. The form can 
later be removed and boards placed along the side of the strap to prevent earth 
tilling in under it. 

A typical design for a cantilever footing is shown in Fig. 18. 

28. Continuous Footings. — There are in general two main classes of continu- 
ous footings, namely: (a) Those continuous in one direction under a row of 
columns; and (b) those continuous in two directions at right angles to each other. 

Where they arc continuous between columns in one row only, as is often the 
case for wall columns where it is necessary to keep the projection beyond the 
building to a minimum owing to building code or property line restrictions, they 
are usually called continuous footings; while if they cover the entire lot, or are 
composed of several strips at right angles to each other built monolithic and 
supporting all of the columns, they have generally been called raft footings. 
This latter name has been applied since such footings should be used only where 
the bearing power of the soil is very low and the function of the footing is literally 
to “float” the building on a raft covering the entire, or a large percentage of the 
ground area occupied by the building. They may also be used where the soil 
conditions require pile foundations, and the building loads are so heavy as to 
require a large number of piles wliich make it necessary to cover practically the 
entire building area with a “raft.” 

When soil conditions seem to warrant the use of continuous footings, the. 
engineer should, by very careful study and tentative design, determine whether 
or not this type will be more economical and satisfactory than pile foundations, 
the next logical choice. Where investigation of the soil conditions shows a soil 
strata of greater carrying capacity, underlying the one in which the footings 
would be placed under ordinary circumstances, at a depth not to exceed 25 or 30 
ft. below the latter, and there is any danger of the upper strata being disturbed 
or settling materially due to adjacent building operations, it will usually be found 
more economical and a more stable foundation secured by using concrete or wood 
pile foundations or circular piers carried down to the solid stratum in wood- 
sheeted wells. 

Continuous footings are best adapted to clay soils of low bearing power 
where the tendency to unequal settlement due to unequal loading of various parts 
of the building can be counteracted by tying the entire structure together as a 
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large box, thus making adjoining portions of the footing aid the overloaded one in 
carrying the load. The action of such a footing under load is analogous to what 
tests show happens in a flat slab floor under unequal loading. 

In cases where it is necessary to load the entire foundation area, the footing 
slab can be designed as a flat slab floor. In designing, however, it will be well to 
guard against undue bending stresses in the exterior columns produced by eccen- 
tricity of loading if the slab or mat does not project beyond the building lines 
sufficiently to balance the load. It should be remembered, however, that, 




\ /nmpant^ ' * ^ 
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where the exterior columns act as buttresses or supports for the basement walls, 
the pressure against these will relieve or counteract a certain amount of the 
bending induced by the eccentricity of the footing load. 

Instead of using the ordinary sloping column head, so common in flat slab con- 
struction, as a base for the column resting on the footing slab, it will bo found 
more^ economical to use a square or oblong pedestal consisting of one or more 
courses of sufficient size and depth to meet the requirements of accepted flat slab 
design. For cases whore the column spacing is over 20 ft., it may be found more 
economical to use a paneled slab for the mat — ^that is, one with greater thickness 
for the portions of the slab containing the main reinforcing running direct 
between columns. 
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A considerable saving in concrete may thus be effected by such footing slabs 
which should be designed by the same methods as used for “paneled ceiling” 
construction. 

An example of a continuous footing supporting all columns of the building 
on several strips of reinforced concrete slabs at right angles to each other is 
shown in Fig. 19. Note the method of obtaining additional bearing area for 
columns supporting the sprinkler tank in addition to the regular building loads. 

29. Pile Foundations. — The use of piles to support building foundations is 
usually resorted to (a) when a stratum of soft soil of fj-oni 10 to .30 ft. in thickness 
intervenes betw'eeii the surface and a hard or unyielding stratum below into which 
the piles are driven; and (6) when no solid stratum can be reached at a reasonable 
depth and piles arc driven deep enough into the soft material to develop a certain 
load carrying capacity by skin friction of the pile in the gi'ound. 

29a. Wood Piles. — Until recent years wood or timber piles were 
used exclusively in construction work but the rapid advances made in concrete 
practice have brought in the concrete pile which is now used very extensively. 
The kinds of timber best adapted for use as piles in building construction where 
permanence and durability are essential are: Oak, longleaf pine, Douglas fir, cedar, 
chestnut, redwood and cypress. Wood piles should be at least G in. in diameter 
at the point and 10 in. at the butt for piles not over 25 ft. long, and at least 12 in. 
for longer piles, with a uniform taper from butt to tif). A line drawn from 
the center of the butt to the center of the tip should lie within the body of the 
pile. Piles should be cut from sound trees when the say) is down, be peeled 
soon after cutting, the knots trimmed off, and should be close grained and solid, 
free from defects, such as injurious ring shakes, large and unsound or loose knots, 
decay or other defects. For further sjxjcifi cations for wood j)iles the reader is 
referred to the Manual of the American Railway Engineering Association. 

For ordinary construction the length of ynles used varies from 20 to 40 ft. 
depending on the character of the soil and the loads to be carried. When it is 
necessary to drive piles to a greater depth than 40 ft., splicing of piles must be 
resorted to and this requires great care to insure proper results. 

296. Pile Driving. — Piles can be driven by three different methods, 
namely: (a) By drop-liammer driver, a heavy weight raised in the leads and then 
dropped; (6) by steam-hammer driver, an improvement over the drop-hammer in 
that the hammer is automatically raised a comparatively short distance by 
steam pressure and then released and forced down by a combination of gravity 
and steam pressure; (c) by the use of a water jet to aid in displacing the earth at 
the foot of the pile and to lessen the friction on the pile as it is driven down by a 
drop or steam-hammer. 

The steam-hammer has so many advantages over the drop-hammer driver 
that practically all piles in the larger cities are now driven by steam-hammers, the 
main advantages being: Reduced cost of driving, ease of guiding piles while 
driving, quicker driving, pile kept in motion thus reducing frictional resistance, 
and piles not broomed and split. 

29c. Concrete Files. — Concrete piles as used at the present time can 
be divided into two classes: (a) Pre-cast, and (6) molded in place* The former 
should always be reinforced and the latter are, in general, only when they are 
of more than ordinary length. Concrete piles are not dependent on ground ^ater 
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level for durability as is the case with wood piles, and they have the further advan- 
tage of greater load-carrying capacity, carrying from 20 to 50 tons as compared 
with 10 to 20 tons for wood piles. This means that fewer piles, if made of con- 
crete, are required to carry a given load. The excavation necessary for footing 
capping the piles is reduced for concrete piles since they can be capped above 
ground water level. This fact and the smaller footings necessary to spread the 
load over a smaller number of j)ilcs mean more rapid construction. 

Pre-cast piles are of various shapes and types (some patented) and reinforced 
in different ways with longitudinal bars stayed by hoops or continuous spirals. 
They are cast in molds in a yard or at the site, allowed to cure for about 30 days 
and then driven like wood piles. The New York City Code requires that “the 
pile shall be not less than 8 in. at the bottom and not average less than 12 in. in 
thickncwss; shall not contain more than 4 per cent of steel reinforcement; that the 
length shall not exceed 20 times the average thickness, if driven to rock, nor 40 
times if not driven to rock. When driven to rock the allowable load shall not 
exceed 500 lb. per sq. in. of concrete per average cross-section, and 5,000 lb. per 
sq. in. on the steel longitudinal reinforcement. When not driven to rock, the 
carrying capacity is determined by test.'^ 

The Chicago Code requirements for concrete j)ilcs are: 


(а) Where concrete piles are used tost piles shall l>e driven and loaded under the general 
direction of the Commissioner of Buildings. 

(б) The allowable compression of concrete piles shall not exceed 400 lb. per sq. in. at a 
section 6 ft. from the surface of the ground in immediate contact with the pile. 

(c) These tests shall conform to the following regulations: Tests shall be made on at 
least two piles in difTerent locations and as directed by the Commissioner of Buildings; not 
less than three piles to be driven for each tost; the pile to be loaded to be driven first, the 
second pile to be driven within 6 hr. of the driving of the first; the third pile to l>e driven 
within 20 to 24 hr. after the first. The two latter shall each bo driven with centers not to 
exceed twice the greatest diameter of pile, from the center of the test pile. 

(d) The tests shall not bo started until at least 10 days after the piles to be loaded are 
driven, except that piles that have been cast and set up before driving m.iy be tested as soon 
as practicable after driving. The piles shall be loaded with twice the proposed carrying 
load of the piles. 

(e) The settlement shall be measured daily until a period of 24 hr. shows no settlement. 

(/) One-half of the test load shall bo allowed for the carrying load, if the test shows 

no settlement for 24 hr. and the total settlement has not exceeded ^-foo multiplied by 
the test load in tons. 

Molded-in-place piles arc in general patented. One of the best known 
types is the Raymond pile which is formed by driving down a sheet steel shell by 
means of a mandrel and then withdrawing the mandrel and filling the shell with 
concrete. The permanent shell tends to prevent squeezing in of the earth while 
concrete is being placed. These piles may be reinforced if desired. 

The Simplex pile is formed by driving down a closed steel pipe and with- 
dra^^ing it as concrete is forced out at the bottom. The Pedestal pile is simi- 
larly made with a pedestal or footing of concrete at the bottom formed by 
driving the concrete out of the bottom of the drive pipe and at the same time 
compressing t]|p earth at the end of the pile. 

The reader is referred to the volume on “Foundations, Abutments and 
Footings’’ for a more detailed discussion of pile foundations. 



Sec. 5-29(2] 


REINFORCED CONCRETE BUILDINGS 


197 


29(2. Safe Loads — Wood Piles. — In general, the maximum load 
allowed on wood piles is 20 tons. This is the maximum allowed by the New 
York Code, while the Chicago Code allows a maximum of 25 tons on a timber 
pile, but requires that the actual allowable safe load shall be determined by the 
Wellington formula which is 

P = (t^r<>P“hammer driver) 

P = ~ ^ (steam-hammer driver) 

where P is the safe load in pounds, w the weight of hammer in pounds, h the fall 
of the hammer in feet, and s the penetration or sinking under last blow measured 
in inches. 

Since the carrying capacity of piles must be determined by test, a tentative 
design must first be made allowing a certain load, say 20 or 25 tons per pile, 
and this must be revised in accordance with the driving records for piles in 
each footing. Sometimes this necessitates radical changes in the design as 
the work progresses. 

29e. Footing Caps for Piles. — Footings on piles may be of the 
same general typos as the plain and reinforced concrete footings previously 
described and illustrated, the difference in design being that instead of assuming 
a uniform bearing of the soil over the area of the footing, the reaction of each 
pile is considered as a concentrated load equal to the safe allowable load for the 
pile. 

In figuring the load to bo carried on the piles some building ordinances 
allow a further reduction in live load over the regular column live load 
reduction. Thus the Chicago Ordinance allows the use of the following per- 
centages of the basement column live load to be used in computing the number 
of piles in footings: 

For manufacturing, storage and mercantile buildings, 75 per cent. 

For hotels, clubs, hospitals, residences, and apartment buildings, 50 per cent. 

For churches, public halls, theaters, and schools, 25 per cent. 

The majority of building codes require that the concrete footing capping 
the piles be carried down G in. below the top of the piles and that this concrete 
be neglected in computing the strength of the footing. Then, also, the spacing 
of the piles is usually limited to 2 ft. 6 in. for wood piles and 3 ft. for concrete 
piles, except where driven in staggered rows, when the spacing of rows may be 
reduced 2 or 3 in. for wood and concrete piles respectively. For wood piles, the 
cut-off line, or top, should be below the natural ground water level to avoid 
decay. Where the meeting of this requirement means added expense, concrete 
piles should be used. 

In Fig. 20 are shown the most economical arrangements of piles and shapes 
of footings for same for various numbers of piles required. 

In designing the footing, take the basement column load, reduce this if 
allowed by code {viz.: Chicago Code requires only 75 per cent of basement 
column live load as computed to be considered in determining the number of 
piles), and divide this load by the allowable load on one pile, say 20 tons. This 
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will give the number of piles required and the size and shape of footing can be 
determined using the pile spacings above mentioned and the diagrams in Fig. 20. 
The depth of footing required for punching shear at the periphery of the column 
should then be determined using the full basement column load and deducting 
the reaction of the pile or piles coining directly under the column. The depth 
required for the different courses, if the footing is stepped, ean be found in the 
same way considering the course above in the same manner as for the column 
resting on the top course. The bending moment at the face of the column or at 

the edge of the top course can next be 
determined by considering only the 
reaction of piles within diagonal lines 
drawn from the centcjr of the column 
to the corners of the footing. Where 
such diagonals cut piles, assume only 
one-half the reaction of that pile effec- 
tive in producing moment in the quad- 
rant in question. 

30. Cofferdams. — In the placing of 
foundations where sand and water are 
to be encountered, cofferdams of sheet 
piling arc used where the depth of 
excavation is not over 20 ft. These 
cofferdams are built up of sheet piling 
consisting of interlocking pieces of 
planking, steel sheeting, or concrete 
sheet piling generally driven down into 
the soil to a depth below the bottom of 
the footing and braced as the excava- 
tion proceeds. 

Where the conditions are very bad, 
a double-wall cofferdam is used with 
clay packed between the walls to keep out the water. Because of its ability to 
resist earth pressure and stand repeated driving, steel sheet piling is used very 
extensively for building cofferdams in foundation work. It is also more economi- 
cal than wood sheeting which, for a IQ-ft. excavation, should be 2- or 3-in. plank 
and 6- to 8-in. plank for greater depths up to 20 ft. 

31. Open Wells. — ^The open well method of excavating for pier foundations 
to be carried down to hardpan or rock through loam and clay strata has been 
used very extensively for foundations of high buildings in Chicago, St. Louis and 
Kansas City. 

The wells are sunk either by (a) driving sheet piling around a template and 
then excavating the soil, called the sheet piling method; or (b) first excavating a 
depth of 4 or 5 ft. and then setting the lagging or sheeting, called the sheeting 
method. The first method is used where soft materials or quicksand are encoun- 
tered and can be used to depths of about 60 ft. with economy. The second 
method, commonly known as the Chicago method, owing to its extensive use in 
Chicago, is best adapted to clay or a material which will stand up while 
excavation is going on, and has been used to depths of 125 ft. 
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The wells are usually circular in form since it is easier to brace the lagging, 
but the rectangular form can be used. The smallest well in which men can work 
to advantage is 3 ft. in diameter and the average size is about 6 ft. in diambter. 
In the Chicago method the lagging is braced by circular rings of steel which are 
removed as the well is filled with concrete, the lagging being left in the ground. 

Open well piers are more economical for buildings of six or more stories 
(where a soft stratum overlays a harder stratum) than j)iles or spread footings. 
In such cases the piers are belled out in a conical form with a slope of 1 horizontal 
to 2 vertical and a bearing of 13,000 lb. per sq. ft. is allowed on the hardpan in 
Chicago. Where 1: 2: 4 concrete is used in the piers, a unit stress of 400 lb. 
per sq. in. on the concrete is allowed by the Chicago ordinance in determining 
the cross-sectional area of the pier to carry the basement column load. For 
1: 3: 5 concrete 350 lb. per sq. in. is the unit stress allowed. 

32. Pneumatic Caisson Foundations. — In the construction of tall office 
or monumental buildings which should be founded on rock, soft soil, quicksand 



and water are often encountered in the different strata as the work of excavat- 
ing the pier wells to rock progresses. In such cases it is necessary to prevent the 
water and quicksand from being forced into the excavated well by putting the 

excavating chamber under air pressure and forcing the chamber down by weights 

or concrete put on above. 

Caissons may be constructed of wood, steel, or reinforced concrete side walls 
and a roof to retain the air. In the larger size caissons two shafts are put through 
the roof with air locks near the top, one for the workers to enter and leave the 
caisson and the other for hoisting up the excavated material. As the material 
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is excavated from within the working chamber, the caisson is sunk either by 
weights applied or by the weight of the concrete placed above the roof which 
later acts as part of the concrete pier, or both, depending on the character of 
the soil (see Fig. 21). 

’ To retain the earth as the working chamber is sunk, a wood, steel, or concrete 
cofferdam is built up on the caisson roof, these walls also serving as the form for 
the concrete of the pier as poured in on the caisson roof. The cutting edge of a 
pneumatic caisson does not have to be a sharp steel edge as commonly supposed; 
an oak timber on a wood caisson, or a 6 or 8-in. channel laid flat with the edges 
turned up on a steel or concrete caisson, form a good cutting edge. Heavy 
angles with one leg projecting down form a good cutting edge except when 
stones or boulders are encountered, in which case the angle is likely to become 
badly bent and useless as a cutting edge. 

After the caisson reaches rock or the stratum on which the foundation is to 
rest, the working chamber and shafts are filled with concrete, making the pier 
solid. 

While under normal conditions the air pressure maintained in the caisson 
should be sufficient to balance the earth or water pressure on the outside, there are 
times when the air pressure will be low so that the caisson walls must be designed 
to withstand the outside pressure. Then also, considerable strength is required 
to keep the caisson from failing due to unequal loading which occurs if it docs 
not sink uniformly. 

The concrete shaft built inside the caisson and the cofferdam above should be 
designed to carry the column load in the same way as given for open well piers. 

BASEMENT WALLS 

By Aijjpjkt M. Wolf 

33. Wall Supported Top and Bottom. — In basement walls where no windows 
occur and the span of walls between columns is greater than twice the height of 
walls, the most economical method of design is to consider the walls as vertical 
slabs supported at the top by the first floor slab and at the bottom by the footing 
of the wall spanning between column footings. With 

p = equivalent fluid pressure of soil back of wall, 

P = total pressure on back of wall, 

h = height of wall, 

the reactions at bottom and top of slab are: 

7?2 = 2 ^ 3 

where Jp = ^^8* 22). 

At any depth hi 

M = RJii - ^ 

The maximum moment occurs at a depth equal to O.S8h and 

Mm,. = 0.064pA» (ft.-lb.) 
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The slab should be designed for this moment with some negative moment 
reinforcing placed in the outer portion of wall at top if the wall is rigidly connected 
to the floor slab. Longitudinal distributing bars equal to 0.3 of 1 per cent should 
be provided to take care of shrinkage and temperature stresses and to support 
the vertical bars while concrete is being placed (see Fig. 23). 

Since the wall footing must support the bottom of slab, it must be designed as 
a beam between column footings and to carry a load per lineal .foot equal to 

Where continuous for several spans, good practice is to design the 


2P 

3 3'- 

beam for- 

ing in the outer i)art of wall footing at the column as at the inner part of wall 
footing at center of span. 
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Fig. 22. 


Moment Diagram 
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Fig. 23. — Wall supported top and 
bottom — wall footing acting as bottom 
support of slab. 


34. Wall Supported by Columns. — In cases where the column footings are 
carried down to a considerable depth below the basement floor in order to find a 
suitable foundation for them, and windows are placed between first floor and top 
of wall, the wall can be most economically designed as a slab spanning between 
columns. Furthermore, if the soil at basement level is poor it may be advisable 
to dispense with the wall footing and support it (as a beam) at the column foot- 
ings only. This requires that the wall be designed: (1) As a continuous beam 
between column footings to carry its own weight and (2) as a continuous slab, 
spanning between columns and sustaining the pressure of the earth fill. 

To meet the first requirement will require only a nominal amount of steel in 
the bottom of the wall between footings and in the top at the columns. To find 

WL 

the bending moment the formula M = should be used for intermediate spans 


and 


WL 

10 


for end spans, where W = the total weight of wall slab and L 


the clear 


span between footings plus 1 ft. The same amount of steel should be used for 
positive and negative moments. For practical reasons of placing and to resist 
shrinkage and temperature stresses, it is advisable to run the steel in top of wall 
continuously. 

To find the stresses in the slab due to the earth pressure, it should be con- 
sidered as divided into narrow horizontal strips of a width (measured vertically) 
of 1 ft. At the top of the wall the earth pressure is zero (except when the wall 
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supports a surcharge of earth) and at the bottom the pressure is ph. The pressure 
varies uniformly between these limits and the load per lineal foot of each slab 
strip (1 ft. high) can therefore be readily found. To find the bending moments 

vL^ 

the wall should be considered as fixed at columns and the formula M -.77- 


should be used for intermediate panels and M = 


for end or corner panels. 


The steel to resist the positive moments should be placed on the inside of the 
wall and extend into the columns. The steel to resist the negative moment at the 
columns should bo j)lac(»d near the outer face of the wall and extend at least one- 
quarter of the distance between columns beyond each column face. 

Vertical steel to support the main or horizontal steel and to act as distributing 
bars should be used, s])acing same at about 12 to 18 in. on centers depending on 
the height and thickness of wall. 

With walls of this kind, the columns should be inv(»stigated to make sure that 
the bending induced in them by serving iis the supports of a basement wall does 
not overstress the column section. 

36. Two Way Reinforced Wall. — In high basements and with a column spac- 
ing of from 16 to 18 ft., with wall supported at the top, it will be found most 
economical to design the wall as a slab supported on four sides, assuming the 
proportion of the load carried by each span to be given by the formula 

r = / _ 0.50 
b 


where r — proportion of load carric^d by the sh()»’t(*r span; I = tlie longca* span in 
feet; and b = the shorter span in feet. 

36. Basement WaU with Railroad Track Adjacent.— In a great many 
industrial buildings one side of the building will lx; located adjacent to a railroad 



Fio. 24. — Diagram showing spread of track load. 


track and in such cases the basement wall should bo designed to resist the pressure 
of such additional load and the earth pressure. The amount of this track load 
producing pressure on the wall will depend upon the location of the track with 
respect to the face of the wall, since the usual assumption is that the spread of the 
track load through the earth from the ends of ties is on a slope of 3 in. horizontal 
to 1 ft. vertically. This means that with the track center 5 ft. 6 in. from the 
basement wall, almost standard for sidings, the track load would not cause pressure 
on the wall until a depth of 6 ft. had been reached (see Fig. 24). When the near- 
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est rail of track is more than O.GA from the face of the wall, the effect of the track 
load on the wall is nil. 

For Cooper’s E-50 loading (most commonly used in design) the maximum load 
per lineal foot of rail is — 'g- - = 5,000 lb. and the load per square foot with track 

center 5 ft. 6 in. from wall would be = 009 lb. Now the live load thrust on 

the wall from a point 6 ft. below track level to the bottom of the wall would equal 
0.286 X 909 = 260 lb. per sq. ft. By adding this constant live load pressure to 
that of the earth i)rcssurc varying from zero at ground line to a maximum at the 
bottom of wall, the total pressure per square foot at any point can be found and 
the wall designed for tliis pressure by the methods previously discussed. 

CONCRETE COLUMNS 
By Albert M. Wolf 

37. Types of Columns. — Concrete columns as used in reinforced concrete 
buildings arc of five principal types. 

(1) Plain concrete columns or piers. 

(2) Vertically reinforced concrete columns with vertical bars stayed or tired 
with hoops or ties. 

(3) The most commonly used type — that is, concrete columns reinforced 
with spirals and vertical bars. 

(4) Structural steel cores encased in concrete (not a concrete column in the 
strict sense of the word). 

(5) Concrete columns with cast-iron cores, commonly called Emperger 
columns. 

38. General Considerations of Column Design. — Unless otherwise specifically 
mentioned the formulas hereinafter given arc for columns subject to direct 
axial compression. Now in actual building conditions it seldom occurs that a 
column or strut is subjected to direct compression alone but usually has some 
eccentric load in addition due to the unequal loading of the floors, rigidity of 
column and floor connections, and inaccuracies of construction. The formulas 
for direct compression and the limitations set on column sizes, amount of 
reinforcement, etc., however, place factors of safety on the design which actual 
practice has shown to be adequate to take care of the ordinary eccentric stresses. 

For exterior columns in flat slab construction, columns supporting long 
span beams rigidly connected to the columns, columns supporting crane runway 
brackets and any other eccentrically applied loads, due allowance should be made 
for eccentric stresses in the design. The reader is referred to Arts. 46 and 47 
of this section dealing with this subject and to the very complete discussion 
of bending and direct stress given in the volume on ''Structural Members and 
Connections.” 

ThS length or rather the height of a compression member is assumed as the 
distance between planes at either end where lateral support is provided in at 
least two dfrections making an angle of not less than 75 deg. and not more than 
105 deg. with each other. This means that in beam and girder construction where 
girders frame into the columns along one center line only, the unsupported length 
of ooluinn diould be taken as the distance from top of floor slab to the underside 
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of the slab above. Where girders and beams frame into the columns the shallower 
set governs the length of column. In flat slab construction the flaring column 
heads stay the top of the column and the length is therefore assumed as the 
distance between the top of floor slab and the under side of the column capital. 

The symbols used in the formulas that follow are as given in Appendix F 
with the following additions: 

A' = loaded portion of area of member (considered as surrounded by 
unloaded portions). 

p' = percentage of spiral reiiif or cement. 

P' = total safe load on long column or strut. 

Pe = load on concrete of composite column. 

Pt = load on steel or cast iron of composite column. 

Ta = permissible compressive stress on area A 

R = least radius of gyration of net section of m(*mber or of structural steel 
or cast-iron core section in composite members. 

The commonly used formuhis for designing compression members are: For 
plain concrete piers, caissons, or walls, 

^ = 0.25// 

For columns or struts reinforced with )4 to 4 per cent vertical rods tied with not 
less than round rods at 8-in. centers, 

^ = /.(l - ?> + nv) 


For columns or struts reinforced with closely 8])aced spirals enclosing vertical 
rods, 

^ = /.(l + 2.5np')(l -p -i- np) 


Chicago Ordinance 
New York Ordinance 
1921 J. C. Report 
A. C. I. Specifications 


^ = /c(l - + np) -h 2/.7>' 


j = [300 + (0.1 + 4/;)//] (1 - p -h np) 

^ = fcl(l + 4wp') ~ p -h np] 

For composite columns or struts of structural steel and spiral-encased concrete 
core, the Joint Committee recommends 

P = 0.25//i4 + (l8,0(X) - - 0.25//)i4. 

(The quantity in the parentheses must not exceed 16,000.) 

For composite columns or struts of cast-iron and spiral-encased concrete core 

P = 0.25//A + (l2,000 - ^ - 0.25/.')i4. 

(The quantity in parentheses must not exceed 10,000.) 

For limiting conditions see the various specifications. For long columns and 

struts exceeding 4o) the Joint Committee recommends 

^-133^ JL_ 

P “ 120S 
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For loading over a portion only of the area of a column the compressive unit 
stress may be increased to the value given by the Joint Committee formula 

= 0.25/,' 

In arriving at the radius of gyration of reinforced concrete sections the rein* 
forcement is considered to be of n times its actual area or as equivalent concrete 
area acting at the same centroid. 

The methods of computing the loads carried by columns have been discussed 
in the chapter on Foundations and the reader is referred to Art. 20 therein. 

39. Plain Concrete Columns or Piers. — ^Plain concrete columns should never 
be used where the height of the column exceeds four times its least dimension. 
This is the Joint Committe recommendation, and while some building codes 
allow a height of six times the least dimension, the use of plain concrete in piers 
of such height is not advisable. Neither is it advisable to use a plain concrete 
column where the load is eccentrically applied, thus causing bending as well as 
direct stress. In such a case the column should be reinforced with vertical bars 
and ties. 

The Joint Committee formula for allowable unit stresses in concrete piers is 

J = /, = 0.25/,' 

40. Vertically Reinforced or Tied Concrete Columns. — While vertically 
reinforced (called rodded or tied) concrete columns have been the subject of 
heated arguments between engineers mainly as to their ability to carry loads 
under various conditions, nevertheless the facts are that a great number of columns 
of this type have and are giving very satisfactory service. On the other hand it 
is of course true that poorly designed and constructed rodded columns have been 
the cause or contributing causes of some concrete building failures. Careful 
investigation, however, will show . that in the case of most failures the columns 
were either too slender, reinforced with small rods (under in.), had ties spaced 
too far apart, had insufficient fireproofing or were constructed of poor concrete 
full of stone pockets and not properly proportioned, so as to give a very poor 
bond between concrete and steel. If care is used in design and construction, tied 
columns can be used to distinct advantage, especially for economy in exterior 
or wall columns when of rectangular section and for the top story columns of 
buildings where the columns carry the roof load only. In this latter case it 
will be found better practice to use a spiral at 6 or 8-in. pitch to stay the bars 
rather than loose ties. 

Tied columns are cheaper than spirally reinforced concrete columns since for 
carrying compressive loads concrete is cheaper than steel. For the same reason 
the cheapest tied column is one using the minimum amount of steel — that is,, 
H of one per cent. Then also, for a given load to be carried, the column with 
the richer mixture of concrete will be the cheaper. For practical reasons of 
constr^otio#it is best to keep the concrete mixture in columns the same as in 
floor .chiostniof^n since if 1 : 2 : 4 concrete is used in the latter, it will also form th4 
part of tbc .coluwiai th^ the floor tod a workman’s error may rrault in the 
en^ cq1i 4^ of 1:2:4 instead of say 1:1:2. 
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Tied columns should liavc a minimum of of concrete fireproofing 

and preferably 2 in. over the vertical bars and in no case should in. ties be 



spaced farther apart than 8 in. regardless of what the local ordinances may allow. 
For columns of large section and heavily reinforced, the area of the tics per foot 

Diagram 1. 

Tied Column Design by Four Specifications. 



of column length on a section through the center of column shojuld be at least 
5 per cent of the area of vertical steel. This means that in laqte columns simide^ 
hoops extending around all the bars will not give sufficient area of ties; and croae^; 
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ties arc required as shown in Fig. 25. The arrangement of ties shown in Fig. 
25d should be avoided since the strength is considerably reduced where a number 
of parallel ties run through the column in the same plane. 

In designing a tied column a core area is first assumed based on column out- 
line allowed by the architectural design of walls (if a wall column) and the load 
to be carried. Then divide the column load (including the weight of column 
itself) by the assumed core area thus obtaining the average stress on the core. 
Then in the formula 

j = /c(l - ?> + np) 

P 

the value of ^ or the average stress on the core must equal the value 

fc(l - p + np) 

For any given allowable concrete stress /« this can best be found by the means of 
graphs. Diagram 1, p. 206, contains such a graph for Chicago Ordinance require- 
ments, the 1921 Joint Committe Report for 2,000, 2,500 and 2,900 lb. concrete, 
and thcAmcrican Concrete Institute and New York Codes for 2,000 and 2,4001b, 
concrete. 


Table 1. — Coke Areas, Perimeters, and Concrete Volumes for Columns 


Diameter 

Core 

0 col. perimeter 

Volume (cu. ft. per ft.) 

Col. 

(in.) 

Core 

(in.) 

area 
(sq. in.) 

Ft. In. 

Hound 

Ootagoiial 

Sciuaro 

14 

10 

78. 5 

3—8 

1.07 

1.12 

1.36 


11 

95.0 





16 

12 

113. 1 

4—2 

1.40 

1. 17 

1.78 


13 

132.7 





18 

14 

153. 9 

4—8 

1.77 

1.8G 

2.25 


15 

176.7 





20 

16 

201.0 

5—2 

2. 18 

2.30 
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Table 2. — Volume op Concrete in Column Shafts and Column Capitals 
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ort a A o nal columns And CApitals add 6 i)cr cent to values given for round columns and capitals. 

Ycloine ^ eonorete in column shaft is given in cubic feet per foot of height. For column capitals it is given in cubic feet and includes only the concrete in the 








Table 3. — Areas and Weights op Column Rods 

Heavy figures = area Number of rods Light figures = weight per foot 
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Table 1 gives the core areas, perimeters, and weights per foot of round, square 
and octagonal concrete columns, while Table 2 gives the volumes of column 
capitals in flat slab construction as an aid in computing the column weights. 

Entering the particular graph in Diagram 1 for the stress and code in question 
the percentage of vertical steel required can be found. Then by multiplying the 
core area by the percentage of vertical steel required the area of steel is obtained. 
Table 3 gives the areas and weights of column rods, of various sizes and numbers. 

After the vertical steel has been determined, the number and size of ties 
should be determined in accordance with the requirements set forth above. 

41. Columns Vertically and Spirally Reinforced. — natural development and 
improvement on the tied column is that in which the tics to stay the vertical 
reinforcing bars arc replaced by closely wound spiral reinforcement. Tests made 
on this t 3 npc of column indicated that by preventing lateral or radial deformation 
and failure by diagonal shearing in columns under load, the spiral greatly 
increased the amount of vertical stress to which the concrete could be subjected 
with safety. The Joint Committee report takes account of this increased 
carrying capacity by allowing 55 i)er cent more stress on the concrete core of a 
spirally reinforced concrete column than on that of a column in which the rein- 
forcement is stayed with ties. The si)iral column has been the subject of many 
tests since the pioneer tests of Consid^ire led him to establish his formula for 
spiral columns in which the si)iral w’as considered as being 2.4 times as effective as 
the same amount of vertical steel — that is, 

P ^ A fc + A,(n — l)/c + (2.4n - l)A/fe 

and the spiral column is now almost universally used where high stresses are to 
be carried by the concrete. 

A great variety of formulas for the design of spiral columns are to be found in 
the various city building ordinances and codes, some of which allow dangerously 
high stresses in the vertical steel. Those of the Chicago and New York Codes, 
the Joint Committee and the American Concrete Institute have been given above. 
Of these the Joint Committee formula is recommended for general use since it 
gives the most consistent results. 

The Chicago code allows a variation in percentage of spiral reinforcement p' 
from a minimum of 0.005 to a maximum of 0.015, while the percentage of vertical 
steel p cannot be less than p' but may equal 0.005. While it is most economical 
to use the minimum percentages of spiral and vertical steel, that is, p' = p = 
0.005, the designer should avoid such a combination inasmuch as exceedingly high 
stresses result if low percentages of vertical steel are used owing to the fact that 
the shrinkage of the concrete in setting throws initial compression in the vertical 
steel and the smaller the amount of steel the greater will be the proportion of 
stress due to. shrinkage. The same applies to the New York Code formula and 
the American Concrete Institute formula. It is accordingly recommended that 
ttie designer use a minimum of 1 per cent of vertical steel if medium grade steel 
is used, and 1 per cent if hard grade bars are used. 

Good practice indicates that a minimum of 1 per cent of spiral steel 
should be used (the Joint Committee makes this the maximum and minimum) and 
that the pitch be such that at least in. clear is left between ttpms. Vertical 
bars shoidd be set in one ring against the spiral and the number of verticals should 
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Diagram 2. — Percentage op Reinforcement in Spiral Column by 
1921 Joint Committee Specifications. 

Note. — Percentage of Spiral Reinforcement equals one-fourth of percentage of vertical 

reinforcement in all cases. 
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Diagram 3. 

Chicago Spiral Columit Design’ — 1:6 Concrete. 

Noth.— S et straight edge on any two known quantities and read concurrent value of third 

quantity. 
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Diagbam 4. 

Chicago Spibal Column Design' — 'I’AH Concbete. 

Note. — S et straight edge on any two known quantities and read concurrent value of third 


quantity. 
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Diagbam 5. 

Chicago Spibal Column Design* — 1:3 Conckete. 

Note. — Set straight edge on any two quantities and read concurrent value of third quantity 
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not exceed the diameter of the core in inches. This will allow sufficient space 
between the steel (verticals and spirals) to allow the concrete to flow freely around 
the steel and completely fill the form thus avoiding stone pockets which are a point 
of weakness. There should be at least Ui in. of concrete outside of the spiral and 
preferably 2 in. for fireproofing in important buildings carrying heavy loads. 

In designing a spiral column divide the load carried by the column, including its 
own weight, by the core area of an assumed column (meeting the requirements of 
span length of panel supported and unsupported length of column) thus obtaining 

Diagram 0. 



the average stress on the core in poimds per square inch. Then enter the graph 
for the particular formula and percentage of spiral being used with the stress given 
(Diagrams 2, 3, 4 and 5) and where the straight line connecting the two values 
intersects the graph for the vertical steel at the right ascertain the percentage 
of vertical steel required. 

Multiply the core area by the percentage p of vertical steel required and obtain 
the area of vertical steel. The number of bars cut then be ascertained from 
Table 3. 
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To find the spiral required enter Diagram 6 with the percentage of spiral 
given and follow the vertical line to its intersection with the line for the particular 


Diagram 7. 
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core diameter and on the left read the value of percentage of spiral times the 
core diameter. With this value enter Diagram 7 at the left mid follow thio . 
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Th9 entire table is in acoordanoe with Joint Committee Recommendation. Maximum pitch ^ core diameter. 
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horizontal line to its intersection with the line for a suitable spiral to the right 
of the line of minimum pitch, then follow down vertically and read the pitch of 
spiral required. 

The weights per foot of height of various spirals arc given in Table 4 which 
also gives the length of wire for each foot of height. 

42. Details of Reinforced Concrete Columns. 

42a. Lap of Column Bars. — ^To transmit the stress from the bars 
in one column to the one below, the best practice requires that the bars from the 
lower story column be carried up far enough into the upper to transmit the stress 
from the upper bars to the lower ones by bond. Based on the Joint Committee 
allowance of 80 lb. per sq. in. for bond stress on plain bars the required lap of 
bars is 33 diameters where the number and size arc the same for each story. 
Usually, however, the lower story column contains the greater number of bars 
and the length of lap should therefore be proportioned for the number of bars in 
the upper column. It is good practice to make the minimum lap 2 ft. to insure 
tying the two columns together. 

Pipe sleeve connections for column bars arc a relic of the early days of con- 
crete and their use should be forbidden for ordinary construction since it is 
practically impossible to get the bars to bear completely on one another without 
pouring molten lead into the sleeve. This procedure is too expensive except 
where it is desired to place additional stories on a building and the conditions do 
not allow the projecting of the column bars much above the temporary roof slab. 
By the use of bars of relatively small size (up to ^ in.) provision for future 
extension can be made by bending down the projecting bars into the cinder fill 
put on to provide the drainage slopes for the temporary roof. 

Where the column sizes change in the different stories, the bars projecting 
into the upper column must be bent to bring them inside the spiral above, or if 
the number of bars in the upper column equals or very nearly equals the diameter 
of the core in inches, they should be bent sufficiently to bring them inside the line 
of vertical bars in the upper column. Bends in column bars should be made on a 
slope of 3 in. in IS in. as a maximum. Where the offset in the column faces is 
over 4 in. it will be found better practice to use straight stub bars set in the top 
portion of the lower column rather than bend the main bars. 

426. Footing and Column Connection. — For columns reinforced 
with vertical bars and wire ties, the bearing stress at the footing — considering 
the entire area of the column effective (which is permissible since fire cannot 
damage the column at this point) — will usually be found to be less than the 
allowable bearing stress on the footing concrete. The load from the column can 
therefore be considered as transferred to the footing by direct bearing with a 
few stub bars placed in the footing so as to lap with column bars and anchor 
the column to the footing. 

For columns reinforced with vertical bars and spirals the allowable unit 
compressive stresses are relatively high and the critical section for bearing will 
be the top course of the footing. In some cases the average bearing over this 
gross area of the column will be within the allowable for the top of the footing 
and the design can be made for direct bearing only as outlined above. 

For heavily reinforced columns of rich concrete (1:1H*3 or l:l:2oonorete) 
the unit stress^on the column core will be found so high that the average bearing 
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over the gross area of the column will exceed the allowable for 1 : 2: 4 concrete and 
therefore the load must be transferred partly in bearing and partly by bond on 
the stub bars placed in the footing. In some cases the load may be transferred 
by direct bearing by putting in a top course of a richer mixture of concrete. 
Some designers make use of a spirally reinforced cap to transfer the load to 
the footing, designed in the same manner as the column but of larger diameter. 
This method, however, is rather uncommon in practice and not as economical 
as employing a richer mixture for a larger block of plain concrete with stub bars 
to transfer some of the load by bond. 

In arriving at the number of stub bars necessary for transference of load 
partly by bond and partly by direct bearing, the amount of load transferred by 
bearing should first be determined. This load {P\) equals the area of column 
multiplied by the allowable unit bearing. Then the load transferred by bond is 


F 2 = column load — Pi 


The numb(5r of bars required for bond is m = - 1:2:4 concrete and 

P ' 

m = concrete, where d = the diameter of the bars used. 

If this computation shows that more stub bars are required than the number 
of vertical bars in the column, then a richer mixture should be used in the cap, 
thus increasing the bearing value and cutting down on the number of stubs 
required. 


42c. Fabrication of Spirals. — Spirals below 18 in. diameter should 
have at least two spacing bars to insure the positive and uniform spacing of the 
spiral. From 18 in. to t30 in. diameter use three spacing bars and four for larger 
spirals. 

All spirals should be fabricated with an extra turn top and bottom tight 
against the next turn, and the end of the spiral left projecting 6 in. or more into 
the core space. For beam and slab construction the spiral should extend practi- 
cally to the top of floor slab, while in flat slab construction it may be stopped at 
the bottom of the deprcsscjd panel or column cap. 

42d. Minimum Pitch of Spiral. — In order that stone pockets may 
be avoided in pouring spirally reinforced columns, the minimum pitch used for 
spirals should be 13^^ in. for J^-in. wire and IJi in. for }4-m, rod thus leaving a 
clear space of at least 1}4 in. between the turns. 

42c. Maximum Pitch of Spiral. — Good practice indicates that the 
maximum pitch allowable in good design is 3 in. for spirally reinforced columns. 
For the top story columns of buildings the size of the column is usually limited 
by the restriction as to minimum diameter and not core stress. For such columns 
designed as rodded columns the writer has found it economical from a construc- 
tion standpoint to use spirals at 6 or 8 in. pitch instead of wire ties. Such 
spirals cut the erection cost and make a much better column, than if wire ties 
are used since the light vertical bars are stayed more securely. 

42/. Number of Vertical Bars, Spirally Reirdorced Columns. — 
Some codes specify that the minimum number of bars to be used in a spirally 
reinforced column be eight, and others six. The limiting area of steel being the 
same, the smaller number of bars but of larger size would seem to the writer to 
result in a better column since the tendency to buckle between spiral turns is 
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thereby lessened. Good practice therefore places the minimum number of bars 
as eight H-in. bars or six Jg-in. bars, with th(» latter to be preferred. 

The maximum number of bars allowable is dependent upon all bars being 
properly bonded in the concrete. Tests show that if placed too close together the 
strength of bars cannot be properly developed in bond, hence a limiting spacing 
of bars should be used in designing columns using high percentages of vertical 
steel. A very good rule to follow is: Keep the number of vertical bars equal to or 
less than the core diameter of the column expressed in inches. This means that 
the minimum spacing will be 3H in* 

In no case should bars over IK in. in size and preferably not over IK in. be 
used with such spacing. 

ASLg, Details of Rodded Columns. — In the design of tied or rodded 
columns the ties should not be under K in. in diameter and spaced not more than 
8 in. apart with i)lenty of lap allowed at the ends and bent into the column so as 
to insure proper anchorage. 

The bars in a rodded column should not be smalhir than K in. in diameter 
and the minimum number of bars should be four. 

With columns of relatively great width and those of shape used frequently 
at corners of buildings the vertical bars should be uniformly distributed near 
the periphery and the ties so formed as to stay every vertical bar adequately at 
not less than 8 in. spacing. 

For columns of rectangular section where the face is three to four times as 
great as the thickness, the design of ties rec|uircs special attention in order that 
the vertical rods may be prevented from buckling. This requires that the sec- 
tional area of tics in a length of 1 ft. be equal to at least 10 per cent of the area 
of the vertical steel at the section of maximum stress. 

43. Concrete Columns with Cast-iron Cores. — A type of column, devised by 
the great German authority on concrete, Professor Emperger, while still relatively 



Pig. 26. — Empergor column. 


new and untried bids fair to be used extensively in building construction. This 
column shown in Fig. 26 consists of a round cast-iron core filled with and sur- 
rounded by concrete reinforced near the periphery with vertical rods and a spiral. 
The cast-iron core, which is well suited to carrying a direct compressive load but 
not reliable in carrying eccentric loads with resulting tension, is thus reinforced 
and stayed by the surrounding shell of reinforced concrete. 
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As the result of tests made the U. S. Bureau of Standards has reconpiended 
the following formula for determining the ultimate strength of such columns: 

/, = 5,300(1 - p) + 63,000p - 240^ 

where /, is the average stress per square inch on the area within the spiral, p is 
the percentage of cast iron used, L the length and d the diameter of the column in 
inches. At least 1 per cent of vertical steel and spiral should be used to fill core 
and encase it. The minimum thickness of casing should be 5 in. 

As a result of its use the building departments of several cities have made 
rulings relative to the design of such columns. A formula which givas safe results 
as borne out by tests is 

P = l,120Ac + 11,200A/ 

where P = safe load, Ac the effective concrete section inside of spiral with cast- 
iron core area deducted, A/ = sectional area of cast-iron core. The accompany- 
ing Table 5 prepared by W. Stuart Tait gives the safe loads for Emperger columns 
in accordance with the above formula. 

The Joint Committee report formula is 

P = 0.25/.'A + (l2,000 - - 0.25 //)a. 

The quantity in parentheses must not exceed 10,000, the diameter of the cast- 
iron core must not exceed one-half the core diameter of the concrete column and at 
least H of 1 per cent spiral must be used. 

Columns of this type possess the same advantage of keeping down the column 
size as do steel core columns. The cast-iron cores and bases are shown in Fig. 26 
and for economy the cores should be maintained at a uniform outside diameter 
in asjnany stories as possible to minimize the number of reducing sleeves required, 
the area of the cast iron being varied by changing the shell thickness. The cores 
should be provided with brackets to receive the load from beams where the 
concrete shell is near the minimum thickness of 5 in. 

44 . Structural Steel Columns Encased in Concrete. — In reinforced concrete 
buildings of over six or eight stories in height, depending upon the live load used, 
it will generally be found advisable to use structural steel column cores encased 
in concrete. The steel core is designed to carry the entire load while the concrete 
encasement is considered only as stiffening the column sufficiently to allow the 
use of higher unit stresses than for ordinary structural steel columns. 

The Joint Committee recommends that for composite columns of structural 
steel and spiral encased concrete core the load allowed be 

P = 0.25//A + (l8,000 - - 0,25 /.')a, 

The quantity in parentheses must not exceed 16,000. If the steel core is of such 
shape as not to enclose and restrain the core concrete in a degree equal to a M per 
cent spiral, then a H per cent spiral must be used. 

The Chicago Code and the American Concrete Institute ruling both provide 
that the steel core should be designed to take the entire load at a unit stress 

detmnined by the formula, /• » 18,000 — 70^ but in no case d^^the stress 

exceed 16,000 lb. per 8q« in. In this formula L is the unsupported length, aio^n 
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r the least radius of gyration, both expressed in inches. This formula allows an 
increase of 2,000 lb. per sq. in. over the minimum of 14,000 lb. per sq. in. allowed 
for ordinary structural steel columns not encased in concrete. The American 
Concrete Institute ruling requires that the encasing concrete be reinforced with 
wire mesh or hoops weighing at least 0.2 lb. per sq. ft. 

From the foregoing it will be noted that the Joint Committee formula allows 
more load on a composite concrete and structural steel column than the Chicago 
Ordinance or the American Concrete Institute Specifications in the amount of 
the load carried by the concrete core. 

In Fig. 27 are shown several of the most common types of structural steel 
columns encased in concrete. The lattice and Gray type columns (Figs. 27a 
and 27c) are the best types since the concrete not only encases but fills the center 
of the column and is not separated into a number of relatively thin shells of 
concrete as is the case with the other types shown. The lattice and Gray columns, 
however, do not afford good connection for steel girders if any are required, but 
where the floors arc entirely of reinforced concrete they are well adapted. 



Fio. 27. — '1 yp€is of stool oolunins onrjisod in concrete. 


Concrete encased steel columns are more costly than reinforced concrete 
columns of the same capacitj^, but where large column sizes are objectionable, 
the extra cost is generally immaterial. 

No matter what form of steel column core is used, a sufficient number of shelf 
angles should be provided on the column to transfer the entire floor load to the 
steel core with the shelf angle rivets figured as acting in single or double shear, as 
the case may be. The concrete shell should be assumed to carry no load. In flat 
slab construction it is a relatively easy matter to do this since the shelf angles 
can be placed below the line of floor slab and within the flaring column head, and 
ample space can be provided for sevcjral rows of angles. In beam and girder con- 
struction, however, no such latitude of placing shelf angles is provided and since 
they are limited to about one location near the bottom of the beam or girder it 
will usually be found necessary to provide bracketed shelf angles similar to those 
used in steel construction. 

Another advantage of the lattice and Gray columns is that they permit of 
passing the negative reinforcing bars of flat slab or beam and girder construction 
through the column with very little interference, while with the H ” type columns, 
holes must be drilled in the flanges and webs to allow the placing of these bars. A 
typical detail of an column used as a column core in flat slab construction 
with shelf an^es to transmit load to core, and with holes for the top reinforcing 
bars to pass through, is shown in Fig. 28. Splices in sted cores should be made at 
a point at least 1 ft. above the finished floor line to allow the erection of the cores in 
sin^e story heights, since it is difficult to stay columns of gr^t^li^^h when 
there are ne steel girders. ' ' " * 
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Fia. 28. — Detail for structural steel core in reinforced concrete buildixiig construction. 
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45. Long Concrete Columns. — It will be noted that formulas for vertically 
reinforced and spirally reinforced concrete columns do not consider the length of 
the column except in so far as a limitation of length of 10 times the diameter of the 
hooped core of spiral columns, and 15 times the least effective dimension of tied 
columns is placed on the Joint Committee formula. It would seem good practice 
to use the formulas given for columns having an unsupported length not over 16 
times the least effective dimension. In flat slab construction the unsupported 
length can be assumed as the distance from the floor to the bottom of the column 
capital. 

For columns whose unsupported length is greater than 15 times the least 
dimension, the unit stresses can be reduced by the following formula of the Los 
Angeles Building Ordinance: 

-A© 

where fac is the factor by which the ordinary stress is to be multiplied for columns 
where ^ exceeds 15, d being the least dimension of the effective section. 

While the Joint Committee recommends that for long columns where the 
h 

value of - exceeds 40, the allowable loadP' bo found by multiplying the allowable 
load P as found by the regular formula, by 

Thus ^ ~ 60, the allowable load on th(» column would be 

P' = 0.83P 

46. Bending in Columns. — Where reinforced concrete columns support long 
span beams in one-story buildings, considerable bending is induced in the columns 
due to the flexure of the beam and the rigid monolithic connection between 
the column and the beam. The stresses thus set up must be provided for in the 
reinforcement in the top of the beam at the column and in the outside face of the 
column. The column should be designed to provide for the stresses due to 
bending in addition to those caused by the load carried. 

In reinforced concrete flat slab buildings considerable bending is induced in 
the upper story columns due to the rigid connection between slabs and columns and 
some flat slab codes require that the exterior columns be designed to care for this 
bending. The Chicago Flat Slab Code requires that: 

Wall columns in skeleton construction shall be designed to resist a bending moment of 
WIj "WD 

at floors and at roof, where W is the total live and dead load on the whole panel 

and L is the length of the side of a square panel center to center of columns. The amount 
of steel required for this moment shall be independent of that required to carry the direct 
load.* It shall be placed as near the surface of the column as practicable on the tension 
sides, and the rods shall be continuous in crossing from one side to another. The length 
of rods below the base of the capital and above the floor line shall be suflieient to develop 
their strength through bond, but not less than 40 diameters, nor lees than M the dear 
height between the floor line and the base of the column oapitaL 

If the interior columns in flat slab construction are of sueh slse that the leieft 
^mension is not less than Hs of tbe unsupporti^ length or Hc of the panel 
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length, the ordinary cases of bending induced in the columns due to unbalanced 
loading of panels will be taken care of. 

The American Concrete Institute Ruling recommends that the bending in any 
column in flat slab construction be computed by the formula 

M = 0.022wMli - qey 

where Wi is the design live load, h is the distance center to center of columns in 
one direction and 1 2 in the other; q is H for round column capitals and % for 
square; c is the cap diameter. 

For exterior columns the total live and dead load (w) should be used in the 
above formula instead of wi. For top story columns the bending is considered as 
all applied at one section of the column, while for lower story columns the moment 
is divided between the upper and lower columns in proportion to their thickness. 
An allowance of 50 per cent increase in stresses for direct load and bending over 
those for direct load only is allowed. 

47. Columns Supporting Craneway Brackets. — In industrial buildings of 
reinforced concrete it is often necessary to provide crane runways for traveling 
cranes, the runway girders being earned on brackets on the concrete columns. 

In such a case the stresses in the columns due to directly api)licd loads are first 
ascertained and to these must be added the stresses produced by the bending 
induced in the columns due to the eccentrically applied crane load. 



The maximum bending moment occurs at the load and depends upon the 
height at which the load is placed and the end conditions of the column. In the 
calculations the depth of the bracket is considered small in comparison with 
the length of the column. While not exactly correct, the error is on the safe 
side, since deepening the bracket decreases the bending induced in the column. 

In reinforced concrete buildings two conditions of end support of columns arc 
encountered, namely: (a) One end fixed and one free, and (6) both ends fixed. 
The former condition is closely approximated in one story structures on the top 
story columns supporting roof trusses or simply supported beams, while the con* 
dition (6) is the one to be considered in multi-storied buildings for all stories 
except the top one. 

47a. Column Fixed at One End and Free to Turn at the Other.-*- 
The minimum value of the maximum bending moment for this conditio^ equalisi 
kiPa add oeouis when b is equal to 0.258L or 0.605L (Fig. 291. In Fig. 894ha 
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shown the bending moment diagrams for the conditions of 6 equal 0.258L and 
0.605L and for making the moment at the base zero and the case when 6 = L. 
The general formulas are 


^Pxh 

2L2 



Just above C (Fig. 29) M 
Just below C M 

MO M.=Px-y>x 


= — 

= Px — Ra 



476. Columns Fixed at Both Ends. — The minimum value of the 
maximum bending moment occurs when 6 has values of 0.21 l/v, 0.500L and 
0.789L and amounts to }^2 These moment diagrams are shown in Fig. 30. 
The greatest value of the maximum moment occurs when the bracket is at the top 
or bottom of the column and equals Px. 
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Fig. 30. 
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The following general formulas apply: 

At A Mjt. = Px '*{2 - 3^) 

Just above CM— — Ra 
Just below C M = Ma — Ra + Px 
or M = Mo + Rb 

AtO ».-Px[i-4(>)+3Q’] 


48. Column Brackets. — The column brackets supporting crane runway gird- 
ers should be designed for the most severe condition of loading possible and they 
should have such depth as to keep the shear on the effective section below 601b. 
per sq. in. The maximum load coming on a crane runway bracket is the maxi- 
mum end reaction of loaded crane with the carriage as far to one side as possible.' 

Tests on various types of column brackets made by the Unit Construction 
Company of St. Louis are of interest and the results are here given. 

Seven different types of brackets were tested, one unreinforced and the others 
reinforced with various combinations of three distinct types of bent ban designated 
Xf Y and Z. The type X bars were short bars bent down at eaoh end; type K, 
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bars were bent into a complete rectangle; and type Z were single bars bent to 
conform to the shape of the bracket, this being the usual detail for bending 
bracket bars. The specimens, with one exception, were tested at the age of 
six weeks. 

John E. Conzelman, Chief Engineer, in speaking of these tests say^: 
‘'As was to be expected, none of the specimens failed through tension in the steel. 
The failures were due to shearing or diagonal tensile stresses and insufficient bond. 
The action is similar to that which exists at the end of a beam; the condition is 
aggravated, however, by the difficulty of securing sufficient bond to develop 
high stresses in the steel. 

“Although the conclusions that are derived from these tests are not final, 
yet the fact is brought out that the type of bracket ordinarily used is the least 
efficient of the forms tested. The failure is fairly sudden and the concrete is 
almost completely destroyed. The most satisfactory form is type Y, or closed 
loop. With a number of loops spaced close together the failure is slow and even 
after the concrete is partially destroyed, considerable load-carrying capacity 
exists. A study of these tests leads to the conclusion that the most efficient 
reinforcement would be the F-type loop bars, some of which would be bent down- 
ward into the bracket.” 

The condition of the brackets tested was not strictly analogous to that of 
column brackets supporting crane runway girders, and this fact should there- 
fore bo considered in interpreting the results. The brackets tested were con- 
siderably shorter than would be used to support crane girders, which in general 
must be of sufficient size to give a clearance of at least 9 or 10 in. between the center 
line of rail (and girder) and the face of the column, and hence better bond would 
be secured on bars of the X and Z types. In the writer^s opinion a combination 
of all three types makes an ideal reinforcement for a bracket, the type Y and t3rpe 
Z bars being figured to take care of the tension developed in the top; the type 
X bars to provide for diagonal tension stresses; and the tjTje Z bars to prevent 
shrinkage cracks at the lower junction of column and bracket. By looping 
the type X bars around the tyjw Z bars at the outside of the bracket the rein- 
forcement for the same would be securely anchored into the column. 

The following illustrative design of a bracket will be made on this basis. 

lUuBtrative Problem. — Design a column bracket to support a concrete crane runway 
girder carrying a 5-ton crane, center of girder being 10 in. from face of column. Unit 
stresses » 16,000 lb. per sq. in. tension in steel; 12,000 lb. per sq. in. in web reinforcement; ^ 
650 lb. per sq. n. compression in concrete ; 60 lb. per sq. in. shear as measure of diagonal 
tension allowed on effective section of bracket. This latter value is chosen because of the 
fact that it does not seem advisable to use vortical stirrups in brackets of ordinary dimen- 
sions, bent bars alone being used in addition to the concrete to resist diagonal tension 
stresses. 


Assume maximum reaction of crane 24,000 lb. 

Weight of runway girder 

Total on bracket .32,000 lb. 


Assume load concentrated at center line of runway girder, or 10 in. from face of column. 
SI ~ _ 160,000 iii.4b. 
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Shear on effective section will be limited to 60 Ib. per sq. in. in order to avoid use of 
stirrups, the value of which are somewhat doubtful in this connection owing to the rapid 
change in depth. Assume width of bracket to be 18 in. Then 



d 


> 33.6 in. 


32j000 

(19) (60) (0.87) 

total depth = 36 in. d to center of steel » 34.5 
Steel lequired to rc'sist bending moment equals 
160,000 


As = 


(16,000) (0.87) (34.6) 0 33 sq.m. 


Use: One — Y typo loop bar 

"rwo Js V ^ i-ypo bars 
Total area 


face of the brac'ket thus more 
anchoring it securely to the 


: 0.22 sq. in. area 
s 0.22 sq. in. 

■ 0.44 sq. in. 

Steel rc<iuired to resist diagonal ten'^ion 
^ _(^)(0 7 r ) 
f^d 

(«)(0 7) (32,000) 

(12,000) (0 87) (18) 

Use one type X bent at 45 deg., area 0.22 sq. in. 

As shown in the detail of the bracket just designed 
(Fig. 31), the i^^-iii. diameter bar to care for diagonal 
tension is looped around the type Z bars at the outer 
completely tying the reinforcement and bracket together and 
column. 


a. 


for 45 deg. shear bars 


0.08. 


FLOORS AND ROOFS -BEAM AND SLAB CONSTRUCTION 

IIy W. J. Knujht 

49 . Practical Considerations. — The successful engineer of today cannot 
attribute high recognition alone to a mastery of theory, without giving due credit 
to the great importance of possessing common sense and the knowledge of appli- 
cation in its many diversified forms. An engineer cannot be an efficient designer 
or consulting engineer unlcs.s he has a thorough knowledge of the successive 
operations of modern building construction, the cost, quality and suitability 
of building materials obtainable under different conditions, the cost of labor to 
execute a design, the comparative costs of the variou.s structural arrangements, 
the point of view of the superintendent, and laborer, the importance of avoiding 
complicated designs when simple ones arc just as efficacious, the principles of 
architectural practice, how to assemble drawings neatly, correctly and conscien- 
tiously, and last but not least, human nature and the technique of good salesman- 
ship. One may possess a wealth of theoretical knowledge and yet be grossly 
deficient in the basic fundamentals which arc indispensable to success. 

An expert knowledge of design is of little consequence to an engineer, if 
the ability to impress prospective clients and secure work has been neglected* 
for things of lesser value. A client first of all desires to know how much he can 
get for the least expenditure of money. He is interested in results and not in 
theoretical formulas. An engineer in order to combine theory, application and 
common sense must first of all know and appreciate his work. Impocsible con** 
ducions are too often entertained and demanded by many engiiieerewhoadiii^^^ 
tedly possess authority and knowledge more thaa their work portends. 
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lilj'i : 3 concrete mix be specified for all columns and the remaining parts of the 
structure require a 1 : 2 : 4 mix, it should occur to the designer that the intersection 
of floor slabs, beams, girders, etc., with columns, preclude the possibility of 
consistent compliance with this requirement. If the strength of a column is 
measured by its weakest section, then there is little logic in demanding or 
expecting fictitious conclusions. 

If the locality in which a structure is to be erected cannot furnish aggregates 
of sizes and cleanliness approaching theoretical perfection such as prescribed 
by some authorities, it should be remembered that many of our large structures 
erected under such adverse conditions, disprove the advisability of adhering 
literally to laboratory results. 

The engineer who confines his efforts exclusively to book knowledge, dis- 
counting the value of social intercourse, initiative and cooperation is destined 
to a future of intellectual misgivings, devoid of mediums through which to ply 
his art. Many engineers know how to design a building, but comparatively 
few arc capable of adapting their knowledge to the essential requirements of 
economical arrangements and design. The engineer of the future will be in 
demand because of his theoretical, practical and business knowledge, great 
breadth in his understanding of men and affairs, rather than to things exclusively 
theoretical. The engineer, to be successful, must also cultivate diversified 
thinking. His intercourse with business men who finance and build structures 
should be confined more to matters of general recognized interest, costs of labor 
and materials, the maximum return on every dollar spent, rather than to questions 
pertaining to stresses and strains. 

Before adopting a design for a structure the engineer must of necessity 
visualize the practical application of his work. Impossible arrangements of bars, 
stirrups and slab rods and the like, which often approach the difficulties of a 
puzzle, should be avoided. Because the engineer possesses authority is no logical 
reason why the erector's point of view, ventured in the light of possible conclu- 
sions, should be entirely neglected and discounted for things of lesser importance. 
The common laborer on the building often gives valuable suggestions to attentive 
receptive minds. 

Two or more preliminary estimates of suitable floor arrangements should be 
made to ascertain comparative costs based on existing conditions and the cost 
of materials and labor, before proceeding with the final layout of a structure. 

It is often surprising to note the great saving that can be made in the ultimate 
cost of large and important buildings, by a possible shifting of beam and slab 
spans or rearrangement of columns and at the same time not detract from the . 
efficiency and purpose of a structure. 

The engineer to be of greatest benefit to a client or employer must also, be, 
familiar with the design and possibilities of structural steel, as well as have an 
expert knowledge of reinforced concrete. Engineers who possess initiative and^; 
tborouj^ understanding of their work, will often find it expedient, in many 
to combine the use of structural steel and reinforced concrete and there^tP^e^^:- 
a much greater saving in cost, than could be accomplished by the . 

of the fprmer material, for beams, girders and columns. The experiaic^ ol^an|r 
active service, reveals an astounding waste of stnict^f^ 
a large percentage of the structures ereoted|^ 
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to unfamiliarity with the costs of building materials, a lack of theoretical knowl* 
edge, appreciation of comparative values and conscientious personal interest. 
The engineer who specializes in the design of structures assumes great responsi- 
bilities which many can. hardly appreciate until some disastrous failure has 
occurred to emphasize the importance of good engineering practice. 

60. Bar Supports and Spacers. — In the light of past experience the steel bars 
of a reinforced concrete structure cannot be accurately installed and maintained 
in position without the use of some device or devices that will serve the purpose 
of supporting the reinforcing bars the proper distance from the bottom face or 
surface of the concrete, spacing them the correct distances center to center and 
locking them in position to prevent subsequent displacement before and during 
concreting operations. This very important requirement is too often neglected 
and omitted in specifications for reinforced concrete work. 

If, for example, >^-in. round rods reinforcing a slab arc shown spaced 6H in. 
center to center and a certain minimum thickness of concrete is given to insure^ 
fire-proof ness, it will be found impossible for the contractor even to approach, 
with reasonable accuracy, the results intended, in the absence of some form of 
device or devices to make possible good, accurate workmanship. 

To maintain in proper position the negative reinforcement in continuous 
slabs, has been, in the past, a great source of annoyance and dissatisfaction. 
Some engineers may contend that no failures have occurred as a direct result of 
neglecting this important feature in construction work. In this connection it 
must be realized that the factor of safety which fortunately exists in reinforced 
concrete, has very often concealed glaring incongruities of design and construction 
and has made possible the continued practice of many engineers and contractors 
who are not sufficiently skilled in the performance of their work. Dangerous 
defects can result from haphazard methods of placing steel bars by mechanics who 
are not intelligently disciplined in the execution of their work, or even trained to 
regard a plan other than as something incidental, relying on personal judgment 
and individual methods to place and secure reinforcement in one position or 
another. 

The ultimate calculated strength of reinforced concrete buildings cannot be 
realized until some definite, tangible, practicable means of securing, supporting 
and spacing of slab and beam bars is universally adopted by engineers. Even 
an inch variation in the position of negative or positive reinforcement in the 
di^ction of the neutral plane, completely disturbs the theoretical accuracy of a 
design. Many engineers spend hours solving the more exact moment distribu- 
tion in continuous beams and slabs, for the purpose of ascertaining accurate steel 
areas at different points, and yet the means to insure proper installation of the 
steel is too often a matter of remote concern. 

While the Joint Committee, other committees and societies are conscientiously 
attempting to prepare reinforced concrete specifications on design for universal* 
adoption, there appears to exist an unfortunate disposition on the part of 
engineenf^to neglect and discount the importance of increasing the effieiency 
of prevailing construction methods. A carefully executed design can be easily 
rendered a careless piece of work in the hands of contractors, who fail tcTappreciate ^ 
that good design and careful intelligent construction methods ara iiis^rabl0.-^ 
instruments of good service. The fabrication of atnictural steel at tlie bufldi^l^l 
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Bite, by me^ of unskilled mechanics, would be considered suicidal in the light 
of good practice. The same general opinion will, no doubt, exist in the near 
future about reinforced concrete structures erected without the use of bar sup- 
ports and spacers. 

In continuous slab design very satisfactory results have been obtained by 
employing high chairs of proper height and spaced about 2 to 4 ft. on centers, 
parallel with the supports. The high chairs first receive a or H“io. rod extend- 




Fig. 32. 


ing perpendicular to the main slab reinforcement, the bent-up ends of the latter 
resting upon the rod and chai supports (see Fig. 32). High chairs cost from 4 to 
8 cts. each and consequently add little, if anything, to the cost of construction. 
The proper position of the bent-up portion of slab rods may also be obtained by 
wiring the rods to the under surface of wood screeds, placed along both sides of 
the beam (see Fig. 33). Screeds so placed will also serve the purpose of forming 
a gage by which the specified thickness of a slab may be properly maintained. . 


Jap ofserwedcind 



dido Elevation 


Section 

Fig. 33. 



The rods of beams or girdera should also be supported and spaced by means of 
mechanical devices (see Fig. 32). If the bond stress of concrete in-casing st^ 
bars is figured, for example, at 100 lb. per sq. in., then a practicable^eans (A., 
obtaining this safe value in practice should be specified. BodfotoKihed.^ 
tog ether cannot be expected to give results compatible with rods i^Oj^eily 


fnita cBy building codes of the country specify the use of bar saj^Mti 
lUdi )^cen in the construction of every fireproof building, then mi jpnciin.^cu 
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reasonably assume higher unit working stresses than now exist in the concrete 
and steel, and at the same time, be entirely consistent with the results obtained 
by the average present-day construction methods. 

61. Arrangement and Bending of Slab Steel. — ^The steel bars of slabs may be 
bent and arranged several ways. Simple arrangements that require little inter- 
pretation and insure accurate results are always preferable to those that invite 
improper workmanship. Figure 34a illustrates an arrangement consisting of 
straight rods in the bottom and loose rods in the top over the supports. This 
arrangement eliminates, to a great extent, the cost of bending, but is objectionable 
on account of the difficulty of properly placing the loose rods in the top. This 
method has been employed on many occasions, but if it could be possible to ascer- 
tain the actual location of such rods, after the concrete had set, their assumed pur- 
pose to function as continuous reinforcement would be problematical. The partial 



Fia. 34. 


failure of a warehouse building in St. Joseph, Missouri, occasioned by the defec- 
tive supports of a large elevated house tank above the roof, revealed a very 
interesting fact about loose rods over the supports. At least 50 per cent of these 
rqds were found to be in the bottom of the slab, although the usual care was 
exercised to hold them in place during construction. Loose rods of this nature 
must be wired*in place to screeds, metal high chairs, or placed after the slab has 
been poured to its full thickness. In the latter case the rods arc given the responsi- « 
bility of remaining in their proper positions, while concrcters and blockmen are ^ 
wal^g about engaged in screeding the concrete surface. 

Figures 34& and c show arrangements which are used frequently in short and 
long span slabs. Both arrangements give the same amount of steel over the 
supports^ as at the center of spans. The bending cost of bars in Fig. 346 is greater 


tha]|. the cost of arrangement given in Fig. 34c. The latter method is just as 
satirfactory as the former. 


Rigid slab supports are particularly advantageous to short slab|pMui6 j 
to 6 ft. due to the existing fveh action. In such cases the questloipi pio' 
for negative moment is not so vital a factor of design. Figure 84d she 
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arrangement which is adaptable to short spans, where the steel area over the 
supports is equal to one-half the area at the center of span. 

62. Screeds for Floor Slabs. — Various methods are employed by contractors 
to gage the proper thickness of floor slabs specified or shown on a plan. The 
specified thickness of a slab cannot be realized at the building unless contrivances 
similar to the commonly known screeds arc constructed with depth equal to the 
depth of slab desired and installed at such intervals as will permit the blockmen 
to level the surface of the slab with a straight edge extending from one screed to 
the other (see Fig. 36). 

Many reinforced concrete buildings which have been dismantled and removed 
to make space for more modern types of construction, have shown decided 
variations in the thicknesses of slabs originally specified and those actually 
obtained. The neglect of this very important feature in building construction 
has caused many discordant results. Until engineers and contractors realize 
that brick bats, isolated wood or concrete blocks and other unsatisfactory forms 



of gages, cannot even approximate accurate adherence to slab thicknesses required, 
then it must be expected that the practices of the past will continue a detriment 
to accurate workmanship. 

63. Marking of Bent Rods. — The marking of bent rods in a clear, distinct 
and legible manner is another form of excellent insurance for both client and 
owner. Any form of cloth or linen tag marked or stamped with indelible pencil, 
ink or otherwise, has failed to render the service desired. Exposure to the de- 
ments, where rain, snow, dirt or mud are present, serves to eliminate the cloth 
tag as a valuable means of identifying bent rods. If the tags cannot withstand 
the abuses of handling and resistance to var 3 dng weather conditions, then their 
detachment from bent rods or bundles of identical bent rods, or the possibility 
of becoming illegible, promotes a spirit of carelessness on the part of iron workers, 
who, in the majority of cases will accept the way of least resistance, substituting 
other bent rods that may or may not be similar to actual requirements. The 
hi gh prevailing cost of labor in the erection of buildings should encourage epg^eers 
to give due attention and study to construction methods and devices, whioh wiU^ 
serve td prevent repetition of effort, imnecessary expense, lost motion, dela 3 r 8 
hiefficfency. Tags made of non-corrosive metal give ideal service and shodbi 
be used in connection with the marking of straight and bent rods. 
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The segregation of straight rods for ready identification at the building site 
entails little difficulty, but the contrary is true in the case of bent rods. Good 
results may be obtained by giving bent rods of beams and girders the same 
numbers as given on the plans. For example B-1, B-2, or G-lOO, G-101, etc. 
The miscellaneous bent rods of slabs present a somewhat different problem. 
The following simple method has been used with success where employed and 
consists of stamping non-corrosive metal tags with numbers that designate ea(jh 
different bent rod, besides indicating by the first figure of the mark number the 
size of the rod. To illustrate: Reduce all merchantable bar sizes to fractions of 
eighths, the dividend of the fraction for each bar size always representing the 
first figure of the mark number as follows. 


H in- = 

?8 in. = mark 

200 

in. = 

Js in. = mark 

300 

>2 in. = 

>8 in. = mark 

400 

in. = 

5 8 in. == mark 

500 

H in. = 

% in. = mark 

600 

K in. = 

% in. = mark 

700 

1 in. = 

Js in. = mark 

800 

11^ in. = 

% ill. = mark 

900 

Vi in. = 

in. = mark 

1,000 


Bent rods marked 400, 401, 402, etc., will indi(5ate at once a > 2 -in. rod, 
marks 900, 901, 902, etc., a IJs-in. rod and so on. This system used in conjunc- 
tion with non-corrosive metal tags, besides being simple, is most efficient when 
applied intelligently and consistently by workmen at the building or by steel 
mills engaged in bending rods from engineering shop drawings. 

54. T-Beams Continuous at Both Supports. — The design of T-bcams at the 
continuous ends over supports involves a multiidicity of complications if theoreti- 
cal accuracy is desired. Between the points of inflection and the supports, a 
T-beam becomes a rectangular section in compression reinforced top and bottom. 
It may be stated with reasonable assurance that the majority of engineers propor- 
tion the sizes of T-beams exclusively for diagonal tension and positive bending 
moments, but neglect to consider the compressive stresses in the concrete and 
steel at continuous ends, after first assuming the most unfavorable distribution 
of loading that the particular member is likely to sustain. The successful 
operation of buildings designed, where this feature of design has been neglected, 
can be attributed to several causes, foremost among them may be outlined as 
follows: In the first place buildings for residential purposes, such as hotels and 
apartments are seldom, if ever, subjected to the live loads for which the various 
members are designed. Continuous T-beams in such buildings must have adjacent 
spans fully loaded simultaneously, in order that the maximum negative, moment 


may be realized, assuming the usual formula M 


has been employed to 


obtain both positive and negative moments. It must also be understood that 
should the concrete of a beam or girder be excessively stressed at the continuous 
ends, this condition prevails for a very limited distance out from the edge <4 
supports, due to the abrupt change from maximum negative moment to 
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point of inflection. The Joint Committee has recommended that the rods in the 
bottom to support the continuous ends of beams be extended into adjacent spans 
to develop sufficient bond stress. After analyzing the opposing stresses^ in a 
fully continuous member the actual necessity of this provision may be reasonably 
questioned. Figure 36 represents a continuous beam showing straight rods in 
the bottom. The portion of the beam between a and 6, c and d are in 
compression from neutral axis to the bottom of the member. Between 
b and c the member is in tension. Since the portion of bottom rods between b 
and c are in tension, it is difficult to conceive how the change from tensile to 
compressive stress at the ends would necessitate the development of sufficient 
bond stress beyond the center line of supports equal to the compressive stress in 
the rods, for the reason that the position of the ends in compression cannot be 
appreciably altered unless the tensile portion becomes distorted or elongated to 



the extent of failure. The value of bottom rods at the ends of continuous beams 
is somewhat analogous to the action of longitudinal rods in columns subjected to 
test loads in a testing machine. In the latter case the longitudinal rods are not 
extended beyond the bearings to develop bond stress, and yet the absence of this 
feature is not considered a detriment to the ultimate carrying capacity of columns. 
The ends of straight rods in continuous ends of beams have the advantage of 
being restrained along their length between points of inflection. 

66. Three Continuous Spans. — The space allotted to this chapter precludes an 
exhaustive analysis of moments in continuous beams of equal and different spans, 
resulting from the various loadings, applicable to the design of practical structures. 
In large hotel buildings the width of wings, in order to furnish a corridor and 
rooms along both sides, average about 46 to 48 ft. The corridor extending along 
the center of the wing compels, as a general rule, the use of two equal end spans 
and a short interior corridor span. This slab arrangement being a typical condi- 
tion in buildings of this class and so often encountered by designers. Tables 6 
and 7 have been prepared to illustrate that the more exact theorem of maximum 
positive and negative moments can be tabulated in such a manner that the 
reactioifs, points of contra-flexure and maximum moments may be readily derived 
for the separate loading of the two end spans, the center span, or the loading of 
all three spans, providing the two end spans are equal. The center span may be 
of any length. 



Table 





242 REINFORCED CONCRETE AND MASONRY STRUCTURES [Sec. 5-65 


To illustrate the adaptability of Tables C and 7 the following simple example ' 
of three equal spans will be applied in order to afford the reader less difficulty, 
should it be desired to check the results by the use of any other method com- 
monly employed under similar circumstances. 


Illustrative Problem. — Three continuous l>eams 10 X 18 in. of a hotel building of three 
equal spans are designed to support loads as indicated in Fig. 37. The two end spans are 
loaded with a live load of 50 lb. per sq. ft. of floor surface Or C50 lb. per lin. ft. and dead 
load of 1,2.30 lb. per lin. ft. Find points of inflection, maximum positive and negative 
moments and reactions. 

(1) Find reaction at support 7;^l. 

From Table 6, K is equal to one since the ratio of spjin lengths is equal to one. 

hVomTableO, /21 = (WL){XS) = (1,880) (18) (0.45) = +15,228 

From Table 7. 7?1 = ( -WlDiXCy) = - (1,2.30) (18) (O.O,')) = -1,107 

A*l - +14,121 II). 

(2) Find point of inflection A span. 



Fig. 37. 


Inflection point from support HI is equal to HI ■= “ 15.02 ft. or point 

maximum positive moment A span - ZL where Z ~ (Xli) ] • Substi- 

tuting values from Tables 6 and 7 

^ = 0.45 - [ ( j ’^^”) (0.05) ] = 0.1.5 - 0.0.127 = 0.4173 

Point maximum moment = (18) (0.4173) = 7.51 ft., or point of inflection = (2)(7.51) 
15.02 ft. 

(3) Having found the reaction HI and the point of inflection, the maximum posi- 
tive moment of A span may be found thus: 

(1,S80)(15.02)2(1.5) = 630,100 in.-lb. 

Or to check this moment value by coefficients derived for three equal spans and the loading 
shown. 

From dead load at point 0.4 of sp.an from HI 

(0.08) (1,230) (18)2(12) - + 382,680 
From live load » (0.10) (650) (18)2(12) + 252.720 

+ 635,300 in.-lb. 

(4) Find maximum negative moment M2 at support R2. 

Table 6 moment from A span 

M2 * J/3 - - (72 WL^ =* (0.06)(1,880)(18)*(12) « -366,472 

Table 7 

M2 ^M3 ^ - C3 W1L2 * (0.05) (1,230) (18) *(12) - 239,112 

M2 « M3 « - 604,684 iii.4b. 
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Or knowing the relative position of loads and point of inflection for span A this moment 
may be easily checked by taking moments about support R2. 

(7.51) (1,880) (2.98) (12) = 504,888 

(M8)!a.88q)(L2) „ ,00.106 

il/2 = jl/3 = - 005,054 in.-lb. 

It may bo seen from this simple analysis that maximum negative or maximum positive 
moments can be easily obtained by simple methods, after the point of inflection is found for 
any given loading. 

Or chocking by coefficients derived for three equal spans, and loading shown 

From dead load M2 = Jl/3 = (- 0.10) (1,230) (18)2(12) = - 478,220 
i'rom live load Af2 = 3/3 = ( - 0.05) (650) (18)2(12) = - 126,330 

il/2 = JW3 = “ 604,650 in.-lb. 

(5) In this example the ratio of live to dead = — 0.53. 

When three equal spans are loaded, as in this example, and the ratio of live to dead loads 
is equal to 0.5, then the moment at center line of second or center span is equal to zero. 
When this ratio is greater than 0.50, then negative moment exists at center line of second 
span. When this ratio is less than 0.5 then positive moment exists at center line of 
second span. 

Assuming similar loadings on three equal spans as in Fig. 37, 


When live load = dead load then. 

Point inflection A span = 0.850 L 
Point maximum positive moment A 
span = 0.425 L 

When live load = dead load then, 
Point inflection A span = 0.835 L 
Point maximum positive moment A 
span = 0.4175 L 


When live load = 2 dead load then. 
Point inflection A span = 0.866 L 
Point maximum positive moment A 
span = 0.433 L 

When live load = 3 dead load then, 
Point inflection A span = 0.875 L 
Point maximum positive moment A 
span = 0.4375 L 


It therefore follows that in this example, negative moment exists at the center line of the 
second span, and consequently this span has no point of inflection. 

Whenever the ratio of live to dead is less than 0.5 for three equal spans, the points of 
inflection for center span may bo found by the formula. Point inflection P2 = aKL in 
which, from Table 7 




2.Z = (2) (0.4173) = 0.8346 
A' = 1 

Referring to Table 7 and explanations attending formula for finding a, and substituting 
values in 

iwi)C~Kl~) " C-528)(1 - 0.8346) = -0.2627 

Since ♦ h’. result is greater than 0.25, negative moment exists from center to center of sup* 
ports, or 

Prom dead load - +J>f - (0.025)(1,230)(18)*(12) - +110,566 
From live load - -JIf - (0.06)(660>(18)*(12) - -126,360 


Negative moment at center line A1 span • 


-6,804 in.4b. 
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niustrative Problem. — Consider the three spans as in above problem, uniformly loaded 
with 1,880 lb. per lin. ft. (see Fig. 38). Find points of inflection, maximum positive and 
negative moments and reactions. 

(1) Find reaction at support i21. 

From Table 6, K is equal to one. 

From Table 6 , = (WL)(X3^ = +(1,880) (18) (0.45) » +15,228 

From Table 7, m = -(TF1L)(X6) (1,880) (18) (0.05) - -1,692 

Reaction 121 *= 13,536 in.-lb. 


(2) Find point inflection A span. 

PI = 


(13,536) (2) 
“ ■ 1,880 


14.4 ft. 


Hence point inflection is 3.6 ft. from reaction 122. 

(3) To find maximum positive moment A span 

Moment = (1,880) (14. 1)2(1. .'3) = +584,755 in.-lb. 


h LM/^yitzzL- 



mMJM 

'<Whl880lbperUnfi 



\2L-7B' — 

' ♦ FB^U4975 

■+« 

K &05‘ 



*-4j975'’^ 





Fio. 38. 


(4) To find maximum negative moment M2 at .support 722 

From Table 6, M2 = M3 = -C2.WL^ = ~ (0.05) (1,880) (18)2(12) = -365,472. 
From Table 7, M2 * M3 = -CS.ITIL* = -(0.05) (1,880) (18)2(12) = - 365,472 


M2 « M3 « 


- 730,944 in.-lb. 


(5) Point of inflection span .41. 
Point inflection P2 «= aKL. 


a 

W 

wi 



1^880 
1,880 ’ 


1 . 


K - X y - 
^ ^ (2)(18) 


Substituting values in formula.s 

o - ± V 0.25 - 0.20 + 0.5 = 0.2764 
P2 = (0.2764) (1) (18) = 4.975 ft. 


> 0.40 


(6) To find mnzimuin positive moment A1 span. 

Moment - (1.880)(8.05)*(1.5) - +182,700 in.-lb. 


or from S-momente theorem equals 

M « + (0.025)(1,880)(18)*(12) - +182,700 in.lb-- 


It will be found that Tables 6 and 7 apply for three continuous spans where the 
end spans are the same and center span of any length. Values of £ are given 
from 0.3 to 2.0. Intermediate values of K may be foun4 reasonably close for 
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practical purposes, by interpolation. Spans of this nature, applying particularly 
to slabs in hotel and apartment buildings, may be readily analyzed. When the 
end spans are, say 18 ft. 0 in. and center span 7 ft. 2 in., the average designer pro- 
ceeds to approximate the negative moments, inflection points and reactions. 
These tables and formulas will also prove convenient for plotting the maximum 
moment curves, thus supplying information so frequently lacking in the average 
calculations of similar slab arrangements. A study of conditions represented in 
Figs. 37 and 38 will serve to visualize the effects of the different loadings on the 
points of inflection and intensity of positive and negative moments. 
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66. T-Beam Design. 

UluBtrative Problem. — ^Long span T-beams 21 ft. 3 in. center to center support dead and 
live loads from floor panels, including the weight of beam, equal to 209,600 lb. (see Fig. 30). 
Span length for moment equals 45 ft. 9 in., /« » 20,000 lb., A 800 lb., and n ■■ 15. Live 
load on floors 100 lb. per sq. ft. Determine sise and reinforcement necessary. Slab 
TFZi2 

design when Af *• -7^* For economic reasons combination hollow tile and oonerete 
floor will be used (see Tables 8, 9 and 10). 
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One-way System 


Table 

Safk SnpaiusfPOBKD Loads in Founds per Square Foot, por 
Unit Sted Stress 16.000 lb. 


; 4" X 12" X 12" Tile, 4" Kibs. 16"c.. 2" Top Ij 6"X 12" X 12" Tile, 4" Ribs. 16"c.. 2" Top 


M = 


WL 


II 


Weight FI. per sq. ft. — 60 lb. 


Concrete per sq. ft. 
0 25 cu. ft. 


Tile per sq. ft. ! 
0.75-4" Tile ' 


Weight FI. per sq. ft. = 60 lb. 

Tile per sq. ft. 
0.75-6'^ Tile 


Concrete per sq. ft. 
0.292 cu. ft. 


J 

.00276 

.00351 

.00491 

.00625 

.00767 

.0025 

.00351 

.0045 

.00548 

.00697 

.240 

.276 

.3172 

.349 

.378. 

.235 

.274 

.305 

.334 

.372 

3 

.918 

.908 

.8943 

.884 

.874 

921 

.909 

.00 

.893 

.887 

iieineiit 

rib 

2-}^"0 

2-H"0 

2~W^ 

1 

2-HU 

2-56"0 

2-yi"^ 


2-56"0 

2-%'> 

10 

4t 

1 fiO j 

78 

100 

122 i 

60 

79 

100 

123 



*71 

i *103 

•161 

1 *215 

•272 ! 

•157 

•240 

318 

400 


11 

40 

1 51 i 

i 71 

1 01 

Ill 

! 51 

71 

01 

111 


•51 

! *76 1 

I *124 

! *169 

•216 

1 *119 

*189 

252 

320 


12 

37 

47 

05 

84 

102 

i 47 

00 

SB 

102 


•34 

•56 j 

1 *96 1 

•134 

*174 

! *91 

•148 

202 

260 


13 

34 

43 

1 00 

77 j 

04 j 

43 

00 

77 

04 

1 120 

•22 

1 *41 

•74 

•107 1 

•140 1 

•68 

•118 

163 

212 

1 284 

14 


41 1 

so 

71 

88 j 

1 40 

50 1 

71 

88 




' *28 1 

•57 

•85 

•114 1 

1 *51 

•93 

1 133 

175 

1 237 

15 


1 

52 

i 1 

*82 ! 

i 38 1 

52 j 

00 

82 

1 104 



•44 

•68 1 

93 ! 

i *37 1 

•73 

108 1 

145 

199 

1 16 

i 



40 1 

02 1 

77 i 

i i 

40 

02 

70 

08 


i 

•32 1 

•53 1 

•76 1 

! ! 

•57 

88 

119 

167 

i 17 , 



1 

•58 , 

72 I' 


40 j 

68 

72 

02 

i 

1 1 


1 

I 

42; 

•61 , 


•43 : 

70 

99 

142 1 

! i 



I 

55 j 

08 


43 

50 

08 

87 



I 

1 

*32 , 

•49 


•32 

57 

82 

119 1 

19 ! 




1 


1 


52 

04 

82 

! 

i 


i 

J 

•39 1 



44 

67 

101 1 

20 



j 



i 

1 


01 

78 



' 




1 

1 


55 

85 1 

21 




, 

, 

1 



58 

74 



1 

i 


j 

! 



44 

72 1 


22 


23 


26 


27 

28 


29 


30 







When value of ft is loss than y’ Case 1 applies. 

a 

When value of ft is greater than 0.3786, Me controls. 


When value of ft is less than 0.3786. M, controls. 
*Indicates neutral axis in the flange. 


60 


50 


40 


WL 

Note: This table u based on M = -. Top steel over support for negative M, same area 

At as for poutive at oenter^^span, top steel over supports extending K or H of qian length. 
For end spans, when if » . use $4 of the combined superimposed load and dead weight of floor 


WL 


For simple epans. when M — -g-, use ^ of the combined table values as foe end qnms. 


r.-4. 


16,230 

— V 

•30.0 

:j3$.i30 

U,SM 

43.030 

38,080 

40,010 

.11 ’1 

80,400 

61,370 

97,800 






> 

1 
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Combination Tils and Concreiti Floors 

Unit Concrete Stress = 650 lb. Continuous Spans 

8" X 12" X 12" TUo, 4" Ribs, 16"o.. 2" 10" X 12" X 12" Tile. 4" Ribs, 16" c, 12" X 12" X 12" Tile. 4" Ribs 

Top 2" Top 16c., 2" Top 

Weight FI. per sq. ft 70 lb. Weight FI. per sq. ft. = 81 !b. Weight FI. per sq. ft^Ol lb. 
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One-Way System 

I 4" X 12" X 12" Tile. 4" Ribs, 16"c.. 2" Top 
WL 
12 


Tablb 

Safs SuPERiafPOBBD LoAos IN 'Pojjvw Fbb Squabb Foot, roB 
Unit Steel Stress 18,000 lb 


= 15 


Values I 
3 


Reinforcement 
each rib 


10 


Weight FI. per sq. ft. = 50 lb. 


Concrete per sq. ft. 
0.25 cu. ft. 


Tile per sq. ft. 
0.75-4" 


.00276 

.249 

.018 

2-H"0 


12 


13 


14 


15 


16 


17 


18 


10 


20 


25 


26 


27 


•87 


62 


•45 


•31 


.00351 

.276 


2-94"^ 


•122 


•92 


.00491 

.3172 




.00625 

.349 

.884 




.00767 

.378 

.874 




6" X 12" X 12" Tile. 4" Ribs. 16"c.. 2" Top | 


Weight FI. per sq. ft. » 60 lb. 


Concrete per sq. ft. 
0.292 cu. ft. 


Tile 




I, ft. 


•187 


•146 


103 

•197 


•70 


•52 


•38 


•27 


•115 


•157 


.0025 

.235 

.921 


•184 


♦202 


•no 


*90 


•72 


•126 


SI 

•102 


•82 


•43 


S3 

•32 


•67 


•54 


100 

*164 


•73 


•134 I 


•64 


03 |1 

•111 li 


•48 


•92 


•35 


•75 


•43 I •ei 


.00351 

.274 

.909 


24i"0 


.0045 

.305 

.000 




113 

305 


•219 


102 

291 


•174 


.00548 

.334 


2-5i"0 


116 

300 


191 


•112 


157 


10» 

246 


204 


170 


*71 


•56 


•44 


•33 


•50 


•34 


106 


142 


87 


119 


03 I 

71 I 


90 


69 

57 


83 



T^ical Detia 


When value of k is less than Case I applies. 
WfiipB value of k is greater than 0.3846. Me controls. 


When value of k is less than 0.3840. M» controls. 
•Indicates neutral axis in the flange. 


Notb: This table is based on M • 


WL 

12 


Top steel over support 


for negative M same area A, as for positive at center of span, . 


top steel over supports extending H or H of span length. 

Fw end spahs, when JIf « . use ^4 of the combined superimposed 


so 

46 


63 i 

36 I 


57 


03 

40 


.00697 

.372 

.887 




30 I The unit shear t ■■ ia given for each load value in small typo. 


117 

231 


110 

196 


103 

166 


143 


121 


103 


75 


53 


44 


37 


load and dead wt. of floor given. 

WL 

For simi^ spans, when JIf ^ use ^ of the combined table values as for end spans 


Resisting 

mwnentt in^4b* 

CJr«) 


18,180 


32.940 4 31,620 


89,780 


48,300 


82,600 


46,080 


50,650 


69,010 
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9 

Combination Tilb and Concretis Floors 

Unit Concrete StresB b* 750 lb. Continuous 


8" X 12" X 12" Tile, 4" Ribs. 16" c. 10" X 12" X 12" Tile. 4" Ribs. 16":o., 12" X 12" X 12" Tile. 4" Ribs. 

2" Top 2" Top 16" c.. 2" Top 


Weight FI. 

per 8 ( 1 . 

ft. = 70 lb. 

II Weight FI 

per sq. 

ft. - 81 lb. 

II Weight FI. per sq. ft » 91 lb. 

Concrete per 
0.334 cu. ft. 

sq. ft. 

Tile per sq. ft. 
0.75-8" 

! Concrete per sq. ft 

1 0.375 cu. ft. 

Tile per sq. ft. 
0.75-10" 

Concrete per sq. ft Tile 
0.417 cu. ft 0. 


.00271 

.250 

.920 

.0034' 

.280 

.914 

.00421 

.310 

.910 

.00542 

.350 

.906 

.00614 

.372 

.905 

.00284 

.264 

.925 

.00341 

.294 

.922 

.00442 

.334 

.920 

.0050S 

.358 

.920 

.0057 

.381 

.919 

.0020f 

.283 

.933 

.0037j 

.324 

.931 

.00422 

.348 

.930 

.00483 

.372 

.930 

2-V4"0 


2-H"4 

2-H"^ 

2-54"0 

2-1/2"^ 

2-H"^ 

2->6"^ 




2-H"^ 

2-H"4 


88 

370 

112 

485 




112 

606 









80 

293 

103 

388 




102 

487 









74 

235 

04 

315 

116 

401 



04 

395 

115 

502 








08 

190 

80 

258 

100 

331 



80 

325 

100 

416 




!i 100 

504 




04 

154 

80 

214 

08 

277 



80 

269 

08 

347 




! 08 

1 422 




60 

125 

76 

177 

02 

232 

117 

312 


76 

224 

02 

293 

117 

393 



j 02 

1 355 




66 

101 

70 

147 

86 

195 

1 to 

267 


70 

188 

80 

247 

110 

336 



j 86 

I 301 

no 

408 



62 

82 

00 

123 

81 

165 

104 

228 

117 

266 

00 

157 

81 

209 

104 

288 

117 

337 


1 81 

1 256 

103 

350 



40 

66 

02 

101 

76 

139 

07 

196 

1 11 

230 

02 

131 

77 

178 

07 

248 

no 

292 


j 76 

; 220 

m 

no 

354 


47 

51 

60 

84 

72 

117 

03 

169 

106 

200 

60 

109 

73 

152 

02 

215 

104 

254 

1 10 

298 

73 

187 

Sq 

B[ 

■1 

44 

39 

50 

69 

00 

99 

88 

145 

00 

173 

60 

90 

00 

129 

87 

185 

00 

221 

113 

262 

60 

160 

87 

228 

00 

269 

ns 

318 


63 

55 

00 

84 

84 

12& 

05 

ISO 

63 

74 

m 

84 

161 

04 

193 

107 

229 

60 

137 

83 

199 


107 

280 


61 

45 


80 

107 

00 

131 

61 

61 

02 

93 

70 

140 

00 

168 

103 

202 

03 

116 

80 

172 

00 

207 

103 

247 


40 

35 

00 

58 

77 

93 

80 

114 

40 

49 

60 

77 

70 

122 

88 

148 

08 

178 

50 

99 

70 

ISO 

86 

182 

08 

219 



68 

47 

73 

79 

83 

98 

47 

39 

67 

65 

73 

104 

83 

128 

04 

157 

67 

83 

73 

130 

88 

169 

04 

193 



65 

‘ 39 

70 

68 

70 

85 


65 

54 

1 70 

90 

70 

112 

00 

138 

56 

69 

m 


00 

172 




07 

57 

77 

73 



m 

76 

97 

87 

121 

53 

68 

07 

98 

76 

123 

86 

161 




06 

48 

75 

64 


61 

34 

65 

66 

73 

86 

83 

107 

51 

48 

65 

84 

74 

107 

84 

134 




03 

40 

71 

64 


I 

1 

71 

73 

80 

94 

40 

1 37 

63 

73 

71 

03 

«o 

ai8 




. 00 

32 

08 

46 


1 


es 

63 

78 

83 


60 

61 

ts 

80 

77 

103 

■ 




00 

88 



ss 

38 

ee 

63 

75 

71 


6i 

61 

•e 

60 

7i . 

01 

68,670 


80,480 

B 

■M 

129,600 

01i670] 

113,010 

[43,9601 


[83,740 


170,140 
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Table 

Safb Superimposed Loads zn Pounds per Square Foot, for 
Unit Steel Stress » 20,000 lb. 


One-Way System 

I 4" X 12" X 12" Tile. 4 " Ribs. 16"c.. 2" Top '| 6" X 12" X 12" Tile. 4" Ribs, 16"c., 2" Top 


^“12 
n = 15 


Values 

i 

Reinforcement 
each rib 

! 10 


Weight FI. per sq. ft. = 50 lb. 

Concrete per sq. ft. Tile per sq. ft. 
0.25 ft. 0.75-4" Tile 


12 


14 

15 

16 


17 

18 


.00278 

249 

.918 

56 

*102 


.00351 

.276 


.00401 

.3172 

.8943 


•75 


2-w'V ; 

i 

US 

•141 I *213 


•108 


•55 


•83 


*40 


•63 


•48 


•35 


19 

20 


•168 


•133 


•106 


•85 


•67 


.00625 

.349 

.884 

2-V^"^ 


113 

•224 


105 

*180 


•146 


•119 


•97 


•53 


78 

•80 


•65 


.00767 

.378 

874 

2-H"0 


Weight FI. per sq. ft. *= 60 lb. 

Concrete per sq. ft. Tile per sq. ft. 
0.292 cu. ft. 0.75-6" 


.0025 

.235 

.921 


.00351 

.274 


2 -^ 4"0 2-y/'t 


.0045 

.305 

.900 


*184 


108 

•152 


•211 


•164 


•129 


08 

•315 


•250 


•200 


.00548 

.334 


2-H"0 


113 

•330 


104 

*268 


•78 


70 

•I3I 


•181 


118 

•280 


lOU 

•233 


.00697 

.372 

.887 

2-%"^ 


101 

•126 


•53 


•42 


04 

*104 


•87 


•72 


•59 


•GO 


*106 


•150 


76 

•49 


•39 


23 


24 


25 



Typicid Detail 


•46 


•86 


•124 


•;J4 


•69 


103 


•56 


•44 


•70 


When value of k is less than . , Case I applies. 

> Oi 

When value of fc is greater than 0.375 Mt controls. 


26 


27 


29 


When value of k is less than 0.375 M, controls. 
• Indicates neutral axis in the flange. 


58 


47 


103 

•195 


•164 


132 

•224 


139 


114 

191 


117 


100 

165 


102 

141 


70 


58 


49 


121 


105 


90 


77 


56 


76 

48 


Wli 

* Top steel over supports for negative M same i 
as for positive at center of span, top steel over supports extending to H or of qian. 


Nora: This table is based on M - 


WL 

For^hd spans, when M » use H of the combined superimposed load and dead wt. of floorj 


WL 


F(Mr simple spans, when M » -y. use ^ of the combined table values, as for end spans. 


y 

The unit shear « ■■ y^jis given for each load value in small type. 


ReS”ting 

moment, inw4b. 

iM.) 


26,400 

36,130 

44,200 

62,860 

30,100 

60,030 

03,040 

70,060 


00.060 
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10 

Combination Hollow Tilb and CoNCRirra 
Unit Concrete Stress <=* 800 lb. 


Floors 


Continuous Spans 


8" X 12" X 12" Tile, 4" Ribs. 10" c.. 
2" Top 

Weight FI. per sq. ft. = 70 lb. 

Concrete per sq. ft. Tile per sq. ft. 
0.334 cu. ft. 0.75-8" 


10" X 12" X 12" Tile. 4" Ribs. 2" Top 


Weight FI. per sq. ft. = 81 lb. 

*^0.75-Td" 


I Concrete per sq. ft. Tile per sq. ft. 
' 0.375 cu. ft. 


Weight FI. per sq. ft. » 01 lb. 

Concrete per sq. ft. Tile per sq. ft. 
0.417 cu. ft. 0.75-12" 


12" X 12" X 12" Tile. 4" Ribs 
16" c.. 2" Top 


.00273 

.260 

.920 

.00347 

.280 

.914 

.00426 

.310 

.910 

.00542 

.350 

.906 

.00614 

.372 

.905 

.00284 

.264 

.925 

.00348 

.294 

.922 

.00443 

.334 

.920 

2-5^"^ 

.00502 

.358 

.920 

.0057 

.381 

.919 

.00295 

.283 

.933 

.00375 

.324 

.931 

.00425 

.348 

.930 

.00483 

.372 

.930 

2-yi"4> 

2-H"^ 

2-HU 

2-54"4 

2-94"0 

2-}-4"^ 

2r%"4> 

2-H"* 

1-W"0 

1-H"* 

2-*J4"0 


2-H"0 

1-94"^ 

us 

419 


i 



To find reinforcement and moment for 

any other width 

so 

114 




113 


of rib than 

4", multiply moment and steel 

area A, 

333 

439 




550 


each by distance center to center of ribs and divide by 

83 

104 




104 


16, total lb. per sq. ft. remaining same. 



269 

358 




448 


The unit shear for any 

other width of rib « 4" 

divided 








by wi( 

1th of ril 

X shear 

sq. in. in table X distance c.c. 

70 

00 

118 



00 

118 




118 




219 

295 

376 



370 

471 




570 

ribs divided by 

16. 

71 

80 

ICO 



80 

100 




100 




179 

245 

315 



308 

395 




479 




66 

83 

102 



83 

102 



1 

102 




147 

204 

265 



258 

334 




405 

I 



01 

78 

00 

122 


78 

00 

122 


1 

00 

1 



120 

171 

224 

304 


218 

283 

382 


' 

345 




OS 

73 

00 

116 


73 

00 

116 


j 

00 

116 



99 

144 

191 

261 


183 

241 

329 


1 

295 

399 



56 

00 

85 

108 

123 

00 

85 

108 

132 

1 

85 

108 



81 

120 

162 

225 

263 

155 

207 

285 

333 

1 

254 

347 



52 

60 

80 

103 

117 

06 

81 

102 

no 


80 

103 

117 


65 

101 

138 

195 

230 

130 

178 

248 

291 


218 

302 

353 


40 

02 

77 

08 

110 

02 

77 

07 

no 

122 

77 

07 

no 


51 

84 

118 

169 

200 j 

109 

152 

215 

254 

289 

188 

263 

309 


47 

50 

73 

03 

105 

50 

73 

03 

106 

no 

73 

03 

105 

no 

41 

69 

101 

147 

174 

91 

130 

188 

223 

254 

162 

231 

273 

321 


67 

70 

80 

100 

57 

00 

88 

100 

111 

00 

80 

100 

114 


58 

86 

127 

15S ' 

77 

113 

164 

196 

224 

139 

201 

240 

285 


66 

67 

85 

00 I 

54 

00 

85 

00 

100 

00 

85 

00 

100 


47 

72 

111 

134 i 

63 

95 

144 

173 

199 

120 

177 

212 

253 



04 

81 

03 

62 

04 

81 

02 

101 

04 

81 

03 

104 



60 

96 

117 i 

52 

81 

125 

151 

175 

102 

155 

187 

225 



01 

78 

88 


01 

78 

88 

08 

01 

78 

88 

100 



51 

83 

102 


69 

109 

133 

156 

87 

135 

165 

201 



60 

76 

85 


50 

76 

86 

04 

60 

75 

85 

00 



42 

71 

89 

■ 

57 

94 

117 

138 

74 

119 

146 

178 




72 

88 


67 

72 

81 

00 

67 

73 

83 

88 




61 

79 

■ 

47 

82 

103 

121 

63 


129 

159 




70 

70 



00 



Ki 

70 

78 

•8 




52 

68 

■ 


70 


Wi 


90 

118 

141 




07 

70 



07 

■IQI 

^5 

58 

87 

78 

80 




43 

58 



60 

79 

95 

43 

78 

99 

m 





73 



05 

73 

81 


•8 


94 





50 



51 

68 

83 


67 

El 

111 


82,360 

100,500 

137,300 

144,000 

101,750 

134,480] 

158,070 

178.920 

197,330 

148,850 

180,050 

318.750 

a43«810 
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The combination slab will be designed for the following superimposed loads in pounds 
per square foot. 

Live load » 100 

Monolithic concrete finish 6 


Total superimposed load per square foot 105 

Referring to Table 10 of combination hollow tile and concrete joist when /# = 20,000, 
/« «■ 800, and n = 15, for a 21-ft. span and superimposed load of 105 lb. per sq. ft., panels 



having 8 X 12 X 12-in. tile, 4-in. ribs and 2-in. top, weighing 70 lb. per sq. ft. will give 
the strength desired. 

Assuming supporting girder to be 1 ft. 9 in. wide the actual load on each rib is 
(106 + 70) (21.26 - 1.76) (IH) - 4,5501b. 
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Referring to resisting moments at bottom of Table 10 it is found that the panel selected 
is sufficient for positive moment and that k is approximately 0.30 and j » 0.91. Two ^-in. 
round rods will be found sufficient for each rib. 


Chocking back, p 

Diagrams 8 and 9, when p - 0.00426 and 
tuting values 


0^614 

mil6) 

t 

d ” 


0.00426, 


0.222 


0.222, give k ~ 0.310 andj « 0.91. Substi- 


, _ Lk 

n(l - A;) 


96,690 

(0.614) (0.91) (9) 
(19,230) (0.310) 


= 19,230 lb. per sq. in. 
576 lb. per sq. in. 


(15) (1 - 0.310) 

For practical reasons it is not desirable to use stirrups to resist diagonal tension in panels 
of tile and concrete construction, on account of the difficulties incident to placing and hold- 
ing them in proper position. It is good practice to assume one vertical rib of each tile to 
act with the concrete of each rib in resisting diagonal tension. Duo to the solid concrete 
section required for T of beam (see Fig. 39), the actual reaction for each rib for a distance 
equal to H the span length of beam will bo 

(105 + 70) ( 2 1. 25 - 6.33)(1H) ^ ^ 

2 

Then shear measured on a vertical section will bo 
= ^ = ^>741 

* bjd (5)(W(9) 

When the shear is 45 lb. per sq. in. stirrups will not be required. Since the solid concrete 
T of beam extends out from the face of the beam a distance of 2 ft. 3 in. or a total of 3 ft. 
2 in. from center line of beam it is at once understood tliat the negative moment at this 
point will not require investigation. The steel bars of each rib are bent as shown. 

Design T-beam supporting panels (Fig. 39). The live load carried by beam will be 
assumed at 85 per cent of 100 lb. or 85 lb. per sq. ft. 


' = 46 lb. per sq. in. 


Total D.L. panels = 
Total L.L. panels == 
D.L. beam assumed 


(75) (21.2.5) (44.0) - 70,120 
(85) (21.25) (44.0) = 79,470 
60,000 


Total uniform load 


209,590 lb. 


The span center to center of columns is 45 ft. lOK in. 

Maximum moment iW = (209,590) (45.87) (IH) = 14,420,800 in.-lb 
Assuming a section 22 X 42 in deep and d = 39 in., then 
V . 104,800 
® “ bjd “ (22)(ji)(39) 


= 140 lb. per sq. in. 


For a beam section of this size a total shear of 140 lb. per sq. in. will bo considered satis- 
factory and hence the section of beam to remain as assumed. 

The approximate steel area will be 

14,420,800 


At 


= 21.01 sq. in. 


(0.88) (39) (20,000) 

Now the approximate width of T required (assuming p = 0.0076 when /. .. 800 and 
= 71.8 in. Should the bottom of flange be at the neutral 
0.0075 would give the correct width h for an 


- 20,000) is b -r 


(0.0075) (39) 

axis of the section, the assumption for p 
extreme fiber stress of 800 lb. 

In design b » 6 ft. 4 in. will be selected for trial. Assuming t 

d 

21.01 

P 


12 in. then 


• - 0.3077 


(76)(39) 


= 0.00709 


Knondng values for ~ and p, k andj will be found in Diagrams 8 and 9 when n ■■ 15, 

h -0.365 and / -0.883 
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GQ 

V 
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o 
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5 cj cc 
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§ T ^ 7 i " 
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.^ll" 
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J.So“ 


•tq -bi Md -qi ooo‘8t 
%v q^piM JO ai 
Zl Jad laa^B jo najy 



S' cot* -oioO’O't- <o (Oo> ioa»ioooioQOiot*'Oit«r*e 


!cio|JiJ?}aia 

II II II 

• S SlO ~ c 
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ssauqaiqj, 


■ponod-qoai ^ 
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eo eo ^*<i^iOU9ioiO*D«0<D 



1185 849 631! 481 374;295 235'l88;i51 121 
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Slab thickness 
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Table 14. — Stuength op Solid Slabs 

For Various Percentages of Steel when (/, = 16,000, = 650), (/, = 18,000, fc 

760) and (/. = 20,000, fc = 800) 

Ratio n = 15 

Above heavy line Af, controls. Below heavy line Me controls. 
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Table 14. — Strength op Solid Slabs. — {Continued) 


Reinforcement 

(inches) 


*2 ^ |M 5 Round Square 


« -6 



Moment (inch-pounds) 


/. - 16.000 /• - 18,000 /. - 20,000 

/« - 660 /. - 760 /. - 800 

n B 16 n ■■ 15 n « 15 


6H 4H 
5H 4H 
4H 
5H 4M 
5H 4M 
5H 4H 
6H 4H 
5H 4M 
6)4 4M 


(Centers) 
H- 0 
6 

8 ) 4 

)^- 8 
4V6 

7) 4 
4)-i 

) 4 - 7 
4 

6)4 
«-10 
)4- 6 

9) 4 
) 4 * 6 )-^ 

8) 4 
H- 5 

7^^ 


(Centers) 
)4-ll)4 
%- 6)4 
) 4 - 10 « 
6 

)4-10)4 
5H 
H- 9M 
5)4 
H- 8^ 

5 

)4- 8K 
4K 
H- m 

H- 4>4 
)4- 7 
5^-11 
M- 
^-10 


6 6 
6 5 
6 6 
6 5 
6 6 
6 5 
0 5 
6 5 
6 5 

6H 
6H 
6>4 

ex 
ex 
ex 
ex 


8X 
X- 4X 
X- 8 
X- 4X 
X- 7X 
X- 4X 
X- 7 
X- 4 
X- 6X 
X-10 
X- e 
X- 9X 
X- 5X 
X- 8X 
X- 6 
X- 7X 
X- 4X 
X- 7 


x-lox 

X- 6 
X-lOX 
X- 5X 
X- 9X 
X- 6X 
X- 8X 
X- 5 
X- 8X 
X- 4X 
X- 7X 
X- 4)4 
X- 7 
X-11 
X- 6X 
x-10 
X- 6X 
X- 9 

X-lOXl 
X- 6X' 
X- 9X 
X- 5X 
X-8X 
X- 5 
X- 8X 
X-4X 
X- 7X 
X- 4X 
X- 7 

x -11 
X- ex 
x -10 



0.26 54|0.0048|0. 
0.28 64|0.0052|0. 
0.29! 54|0.0054l0. 
0.31 64 0.0057j0 
0.34 54 0.0063'0 


0.36 54 
0.39 54 
0.43 54 
0.47 54 


0 . 0067|0 
0 . 0072*0 

| 0 . 008 ojo 

0.0087 0 


315|0.806| 
32410.892! 
32g!0.801 
335 0.889 
350;0.884 
358;0.881 


369 

384 

I 

396 


0.312 


0.877 

0.872 

0.8b8 

0.896 


0 . 315 ' 0 . 
[ 0.324 0.892 


0,28 60|0.0047 
0.29 60 0.0048 
0.31 6o|o.0052 
0.34 60|0.0057|0. 335 0.88(1 
0.36 60|0.0060|0.344i0.885 
0.39 60|0.0065|0. 354 0.882 
0.4S 60 0.0072 0.360|0. 877 
0.47 60|0.0078|0. 38010.873 
0.52 0OIO.OO8: 0.396|0.868| 


0.29 

66 

0.0044 

0.303 

0.800 

0.31 

66 

0.0047 

0.312 

0.896 

0.34 

66 

0.0052 

0.324 

0.802 

0.36 

66 

0.0055 

0.331 

0.800 

0.39 

66 

0.0050 

0.340 

0.887 

0.43 

66 

0.0065 

0.354 

0.882 

0.47 

66 

0.0071 

0.367 

0.878 


16,750 

17,980 

18,600 

19.840 
21,640 

22.840 
24,630 
26,450 
27,160 

20,070 

20,760 

22,120 

24,180 

25,490 

27,520 

30,170 

32,350 

33,510 

22,940 

24.440 
26,600 
28.220 

30.440 
33,370 
36,310 


18,850 

20,040 

20,230 

22,480 

20,030 

23,260 

22,320 

24,800 

24,350 

27,050 

25,600 

28,540 

27,700 

30.780 

30,370 

32,550 

31,320 

33,410 

22,580 

25,000 

23,360 

25,960 

24,890 

27,650 

27,200 

30,230 

28,670 

31,860 

30,060 

34,400 

33,940 

37,710 

36,030 

30,810 

38,670 

41,240 

25,810 

28,680 

27,500 

30,550 

30,020 

33,360 

31,720 

35,240 

34,250 

38,050 

37,550 

41,720 

40,850 

46,890 
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Table 14. — Stkenoth op Solid Slabs. — (Continued) 


Keinforcement 

(inches) 



•§ a ig c Round Square o ^ i n * 15 

_| _ ' ■ 

j j (Centers) 1 (Centpr.s) j ! j j I 

6K ! .'>>■2 I I 0.52 05 0.0079,0.382 0.873 39,340 

I I I 7 1 ^8- 9 ' ■ 1 I 




Moment (inch-pounds) 


/* « 16,000 I /, = 18,000 /e » 20,000 
fc = 650 j fc * 750 fc =■ 800 

n »s 15 I n B 15 n — 15 


0.591 00 0.0080 0.400 0.867 40,900 


0.67, 60 0.0102 0.41S;0.861 


'(ir tr 0.31 72 0.0043 


>2- 8H 

^8- 5 
>2- 8M 
?8- 4H! 
yj- 7H 


0043 0.300 0.900! 26,784 


0.34 7210.0017 0.312 0.890! 29,240 


0.36 72 0.0050 0.320 0.893, 30,860 


, 0.39; 72 0.0054 0.329,0.891 33,360 


^ h- 9H I ^8- 4>i| I “l I ' I 

1 0.43 72 0.0060 0. 344 '0.885; 36,530 

i I i , I ! 

H- 5 If H- CHj Q 17 ; 72'o.0005 0.354 0.882,' 39,800 

754' I >8-10 J I I , i 1 

H- 4M: I >2- 55.4, Q rj 72 0.00720 369 0.877, 43,780 

^>^-7 ilK-9 ; I , j . _ 

y 2 - 4 I f>2- 5 ! ,. I 72 0,0082 0 387 0.871' 47,330 

OW 1 5h- 8 1 ! 


i fs- 0>4 1 >8- 8 i 
5>2 / >2~ 4>2: 
H- 8 i \ H- 7 I 
5 : / y- 4 I 
\ 5«- CM; 


30,120 33,480 


0.07 72 0.0093 0.406 0.865' 49,310 


0.74 72 0.0103 0.421,0.860; 50,830 


7y I OKj 
7y OH 
7M OH 


7H 6Hj 
7H 6 h| 


7H 6H 
7H 6H 


I 0.34! 78 0.00-14 0,303 0.899 31,790 

J!" 0-3ol 78 0,0040 0.309 9.897 33,. 580 

^>8-10 n56-4H| I I , j 

!wi O-^O* 78 0.0050 0.320 0.893, 36,220 

, >8- 9H 4H' 1 : i 


0.36, 78 0,0040 0.309 9.8971 33,. 580 


rH-5H;rH-7 i „ 
K-5 /m-oh;o47 

754; l>i-io I • 

H- 4H:J H- 0 50 

, H- 7 \ H- 9 


0.43 78,0 . 0055 0 . 33 1 0 . 890 39 , 800 

i ! I 

0.47 78,0.0000 0.344 0.885 43,260 


78,0.0007 0.. 3,58 0.881 1 47,640 


r H- 4 M H- 5 
I m \ >6- 8 
oy { M- 4H 
, 8 \H- 7 

5 / H- 4 

, 7H \ 6H 
H- 6H / H- 5H 
, H- 8H \ 8 


0.59! 78:0.0070 0.376 0.875 53,690 

I j j 

0.67! 78,'0. 0086 0.394-0. 869 .50,420 


0.74 78 0.0095,0.409 0.804 58,230 


0.85 78;0.0109 0.430 0,857 60,720 


||H- 6H!/H-8H q Sl!o. 0013 O.3OO10. 900 30.290 40,820 45,360 
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Table 14. — Strength of Solid Slabs. — {Continued) 


I 

II 

II 

CO 


A 

& 

73 

0) ^ 
s 

‘Co 



8 

7 

8 

7 

8 

7 

8 

7 

S 

7 

8 

7 

8 

7 

8 

7 

8 K 

7 K 

00 

7 K 

8 M 

7 K 

00 

7 K 

8 K 

7 K 

8 K 

7>4 

8 K 

7 K 

8 K 

7 K 

8 K 

7 K 


Round 


(Centers) 

6 

9H 
S>i^ 
8M 
H- 5 
H- m 

Vi- 4 K 
%- 7 

4 

6K| 
M- SHj 
K- 8 
H- 5 I 
K- 7 .Vii 
«- CM' 
M- 8M, 

I 

' K- Co. ; 
H- CM' 
5 > 2 ' 
8M! 

M- 8 I 

K- 43^1 
> 2 - 4 I 

CM 
M- 5>.i 
8 

5 ! 

H- m \ 

C>i 

m 

Va- 

, m\ 


Square 


(Centers ) 

'H- m ' 

H- 4k; 

K- 7 , 

I 

K- 8K 

K-io 

>i- 

K- 9 
> 2 - 5 
8 

4 K 
K"- 7 
K- 4 

%- OK 
OK 
^4- 8 

^ >^-7Kcj 
H- 4 K 
K- 7 
, H-11 
K- OJa 
10 

K- 5 K 
9 

K- 5 
8 

K- 4 K 

K- 7 ! 

> 2 “ 4 j 
, ^ 4 - OK I 
^ 8 - OK 
,K- 8 
OK 
. K- 7K 







1 








Moment (inch-pounds) 

8S 

2 « 


1 






d -a 








-3 ^ 

.s 

P 

k 

3 

/. = 16,000 

/. - 18,000 

/• = 20,000 

§.5 

d- 




fc = 650 

fe =■ 750 

/. - 800 

i ^ 





» = 15 

» = 15 

n - 15 


.o 







0.39 

1 

1 84 

0.0046 

0.309 

0 897 

39,180 

44,080 

48,980 

0.43 

84 

i 

0.0051 0.322 

! 1 

0.893 

43,010 

48.380 

53,760 

0.47 

; 

Sl'O 0050 0.3.33 

[ 

0 889^ 

40,800 

52,650 

58,500 

0.52 

84 |o. 0062 0.348 

0.88^* 

1 

51.180 

57,920 

04,350 

0.59 

1 ! 

84 0.0070 0 305 

0.878; 

58,020 

05,270 

72,520 

0.67 

84 0.0080 0.384 

0.872 

63,990 

73,610 

78,760 

0 74 

84 0.0088 0.398 

1 i 

0.867 

65,940 

76,090 

81,160 

0.85 

1 1 

81 0 0101 0.419 
! 1 

1 

.0.860 

68,800 

' 79,450 

84,750 

0.39 

! 

90 0.0043 

0.300 

1 

0.900 

j 42,120 

47,390 

52,650 

0.13 

' 1 

90 0.0048 0.315 

1 1 

0.895 

46.180 

51,950 

57,730 

0.47 

! 1 

90 0.0052 0.324 

0.892 

50,310 

56,600 

62,890 

0.52 

1 ! 

90 0.0058 0.337 

|o.888 

55,410 

62,340 

09,260 

0.59 

i I ' 

90 0.0066 0 350 

0.881 

62,370 

70,170 

77,970 

0.67 

90 0.0074^372 

! 1 

0.87C 

70,430 

79,230 

88,040 

0.74 

! 1 

90 0 0082 0.387 

1 1 

0.871 

73,950 

85.230 

91,010 

0.85 

co! 

0.009*1 

0.407 

0.864 

77,140 

89,010 

94,940 

0.92 

9oj 

0.0102j 

0.42oj 

0.860 

79,240 

91,430 

97,520 


The steel bars selected will consist of 

Thirteen l>4-in. square = (13) (1.563) = 20.32 
Two 1-in. round = (2) (0.785) = 1.57 


Then 


21.89 sq. in. total area. 


14,420,800 
(0.883) (39) (21.89) 

(19, 130) (0.365) _ 6,982 
(15) (1 - 0.365) '9.53 


19,130 lb. per sq. in. 
733 lb. per sq. in. 


The point of third bend occurs 10 ft. 0 in. from center line of support, or 0.22 of span 
length center to center of columns. At this point when M » 68 per cent of the steel 

area is required for moment. At the point of second bend, 7 ft. 0 in. from center line of 
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support or 0.15 of span length, 50 per cent of steel is required. At first bend fronoi support 
33 per cent of steel is required for moment. It is readUy noted that the rods remaining 
straight in the bottom at different points satisfy moment onditions. 

Seven iM-in. square rods will be selected to remain straight extending into supports. 
The bond stress is 


104,800 lu 

The distance from support to the point lieyond which no stirrups are needed, assuming 
. (v — t)i)L Q . . (140 —50)44 , . ,, 

VI = 50, is = 2 ^ — • SubstituhngiTi = “^>^( 140 ) “ ~ 14.14 ft. 

The total shear to be taken by all stirrups (neglecting the value of bent rods) in one end 
of beam is 

^(140_- 50)(22)(14.1_4K1A) ^ jeS.OOO lb. 

2 2 


Assuming H-in. round stirrups arranged in pairs, the value of each pair = 2 X 2 X 0.190 
sq. in. X 12,000 lb. = 9,400 lb. or = 11^ pairs H-in. round stirrups at each end. 

The closest spacing required at each end near support will bo 

o Asf. 9,400 . ^ 

S = 7 . . = — 4.75, say 5 in. center to center. 

(» — vi)b 1,980 

The spacing of stirrups to resist diagonal tension should he limited to ^ or « 19H in. 
The arrangement of stirrups can now be made as follows: 

6 pairs >4-in. round 5-in. center ] 

6 pairs >^-in. round 10-in. center /each end 
6 pairs M-in. round 13-in. center j 

Engineers who have had long experience in the design of reinforced concrete develop 
a quick perception of proper proportion. Many complicated arrangements, such as often 
occur in hotels, sometimes require from 500 to 1 ,000 different designs of beams. Under such 
conditions it is obviously impossible for the engineer to resort to the more accurate theories 
of design. In the first place he has not the time at his disposal, nor the inclination to engage 
in long calculations, when for all practical purposes, almost identical results may bo obtained 
by approximate methods and formula . 


67- Solid Slab Design. — Tables of solid slabs, giving the safe superimposed 
loads for any span and reinforcement required, will prove of inestimable value 
to any busy engineer (see Tables 11, 12, 13 and 14). 


niuBtrative Problem. — A solid .slab having a span of 12 ft. 0 in. center to center of sup- 
ports, and fully continuous, is required to support a buperimposed load of 175 lb. per sq. ft. 
Find slab thickness and reinforcement. 


When/. « 16,000 lb., /. = G50, n = 15. 

Referring to Table 11, the nearest tabulated load for the span and load desired is 189 
lb., requiring a 6H-in. slab and reinforcement given. To be more exact. 


M ■■ 


(iIl±^H12W2),37,008in..lb. 

12 


The value of 6H-in. slab and reinforcement selected is good for 39,030 in.-lb. 
Referring to Table 14, a 6H-in. slab with H in. round 6 in. has a resisting moment of 
36,310 in.-lb. or with H in. round 4H in. a resisting moment of 39,340. In practice the 
latter would be selected without any further calculations. 


FLOORS AND ROOFS— FLAT SLAB CONSTRUCTION 

Bt Albert M. Wolf 

A flat slab floor can be defined as one in which the slab of concrete is carried 
directly by columns with or without flaring capitals and without the use of the 
ordinary deep members such as beams or girders- 
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68. Types of Flat Slab Floors. — ^The types of flat slab , construction 
ordinarily used can be classified from the standpoint of column and ceiling 
details as follows: 

(1) Column construction, in which the floor slab usually of relatively short 
spans is carried directly on the columns without the use of column capitals 
or drop pK'^tes. 

(2) Cap construction in wh'ch the floor slab is carried on the flaring column 
capitals but without drop plates. 

(3) Drop construction, same as for Type (2) except that the slab surrounding 
the column is thickened by means of a square or rectangular drop.. 

(4) Paneled ceiling construction same as Type (3) except that the portion of 
slab in center of panel is reduced in thickness leaving the portions directly between 
columns of greater thickness. 

Used mostly for long spans 
or for special architectura 
treatment. 

(5) Tile construction, an 
adaptation of paneled ceiling 
construction in which th j 
center portion of the slab is 
of tile and concrete joist con- 
struction of the same depth as 
the rest of slab or shallower 
as required. 

The first four types are 
illustrated in Fig. 40. 

69. Types of Flat Slab Reinforcement. — Flat slab floors can also be classified 
as to systems depending upon the arrangement of the reinforcing. 

(1) Four-way System. — Reinforcement extends directly between columns in 
both directions and also diagonally from column to column. 

(2) Three-way System. — Reinforcement runs from column to column which 
are arranged at the comers of triangles. 

(3) Two-way System. — ^The main reinforcement extends directly from 
column to column in both directions with auxiliary belts of bars parallel to them 
in space between. 

• (4) Ring System. — ^The main reinforcement consists of a series of rings 
or continuous flat spirals at the columns and center of panel. Sometimes the 
remaining portions are reinforced by groups of straight rods or by additional rings. 

60. Advantages of Flat Slab Construction. — ^The advantages of flat slab 
construction over the beam and girder type are: 

(1) Greater load-carrying capacity for a given amount of concrete and steel 
and lessened danger of collapse under overload due to the tendency of the entire 
floor to act together. 

(2) Greater fire-resisting qualities owing to the fact that the ceiling offers 
no sharp edges or comers as in beam construction which spall off and weaken 
the floor or cause failure. 

. (8) Absence of beams permits the maximum spacing of sprinkler heads and 
he^ greatest efficiency. 


r>' jq 


T''/Vot 1099 thmn 45* 


Drop Construction 
M 


Rnnel Construction 
(c) 


m 




Copitnl Construction 
(b) 


Column Construetbfl 
60 


Fig. 40. — Types of flat slabs. 
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(4) The flat ceiling permits of the most economical arrangement of piping 
for sprinklers and heating and lighting outlets. 

(5) Flat slab floors can be designed without spandrel beams projecting below 
the ceiling line thus allowing the window to extend to the ceiling, thus eliminat- 
ing the shadows caused when beams are used and resulting in bfetter natural as 
well as artificial lighting. 

(6) Better ventilation since no air pockets are formed nor is the circulation 
of air retarded. 

(7) Formwork for both floor slabs and columns is simplified and cheaper 
than for beam construction. 



(8) The above advantage allows the work to proceed with greater speed 
thus saving in cost and interest on money invested during construction. 

(9) A flat slab floor allows a maximum storage capacity with no waste 
space as occur? between beams in beam and girder construction. This allows of 
a considerable saving in floor to floor heights (if the same effective story height 
is maintained or a corresponding increase in clear story height). This amounts 
to about 12 to 18 in. per story or a saving of one story in eight or ten, or an extra 
story for the same total height (see P'ig. 41). 

Types of Buildings for Which Flat Slab Construction is Best Adapted.— . 
Flat slab construction is best adapted to warehouses, factories, assembling plants^ 
garages, large wholesale and retail stores and railroad terminals. Where &e:^ 
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loads to be carried are relatively light and the spans of varying lengths as in 
hotels, office buildings and the like, it will be found more economical to use 
beam and slab construction or beam and tile and concrete joist construction. 

62. Requirements for Economy in Flat Slab Construction. — ^To make for 
economy a flat slab floor should (a) have columns spaced from 18- to 22-ft. centers 
uniformly throughout the building; (/>) be designed for a live load of at least 
100 lb. per sq- ft. or more; and (c) be free from large openings which necessitate 
beams or deepened slabs. 

63. Description of Flat Slab Systems. — ^As previously noted, flat slab floors 
are generally classified as to systems depending upon the details and arrange- 
ment of reinforcement. This has given rise to various schemes of reinforcing 
which are known by various trade names. 

бза. Mushroom System. — ^The earliest practical system of flat 
slab construction used very extensively is the Mushroom System as developed 
by C. A. P. Turner. This system is a four-way reinforced floor slab in which 
the column bars are sometimes bent down into the slab around the column 
head in radial directions, with additional rods bent in the form of rings laid upon 
these radials thus forming a spider-web to provide additional reinforcement at 
the column head and support the slab steel. 

In other designs of this system instead of bending the column bars, special 
elbow rods were bent down into the column head for the same purpose and a 
flat spiral placed thereon. 

Being one of the earliest commercial systems, it gained a very wide usage, 
and while in some particular cases the concrete sections were entirely too light, 
in general the floors give as good service as could be expected from a new system 
of construction which was being improved upon continually. The majority 
of mushroom designs are of the true flat slab type — that is, no drop panel is 
used around the column capital. The column heads used were in general of 
smaller diameter and greater pitch than is now considered good practice. 

бзб. Akme System. — ^A two-way system of simple construction and 
used very widely on a great variety of buildings is the Akme system of girderless 
floor construction as developed by the Condron Company, Structural Engineers 
of Chicago, and shown in the accompanying photograph (Fig. 42). 

This system consists of main belts of reinforcing bars extending directly 
between columns and so bent as to reinforce the bottom portion of the slab 
between columns and the upper portion around the columns. All bars are bent 
before placing and are held in place by raising bars placed on pre-cast concrete 
blocks. The center portion of the panel and a portion of the slab directly over 
the main belts between the columns is reinforced with belts of bent bars placed 
at right angles to each other and supported in a manner similar to that just 
described for the main belts. The portion of these head belts in the top of slab 
over the main bands reinforces the slab for stresses which exist in this 
portion due to the cross bending on the main belts. The rules for the design 
of this system as worked out by the Condron Company, together with 
the design standard sheets are given herewith. These design standar(fc are 
followed in all cases except where local building ordinances have more jlbvere 
requirments. 
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Rules for the Design of Girderless Floors 
(To Accompany Akme Design Standards.) (Figs. 43 and 44.) 

The term girderless floors as herein used refers to flat slabs of uniform or varying thick- 
ness supported without beams or girders on columns having flaring heads. 

Flat^Slab Type . — In this type the slab thickness id uniform between column heads. 

Drop-Panel Type . — In this typo the lower face of the slab is dropped so as to increase 
the thickness of the slab above the column head. The lateral dimensions of this portion 
of the slab, which is usually made square, should be not less than 0.351/. 

Paneled-Ceilino Type . — This type may conform in general to either of the above types 
with the exception that the slab is reduced in thickness in the central portion of the panel. 
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Fio. 44. — Akme system. Flat slab design standards, Condron Co. 


Colmnris . — The diameter or side of any interior concrete column shall be not less than 
Hs of the panel length or Ha of the clear story height, except that for columns supporting 
roofs only this dimension shall be not less than Hs of the panel length. In any case the 
diameter or side of the column shall be not less than 12 in. 

Bending in Columns , — Exterior or wall columns supporting floors or roofs shall be 
designed to resist, in addition to direct load, 40 per cent of the negative bending moment 
for exterior floor panels or 80 per cent for exterior roof panels. 

Column Head,—^Thk diameter of the column head, measured where it intersciots ^^e 
uioderside of the dab, should be approximately 0.235L, but may vary to suit conditions. It 
sliata have a vertical face below the dab of IH in., below which the surface of t^ head 
aldiU ^v0 a dope of 45 deft, to the vertical face of the column shaft. If other shapes of 
head are used, the surface of the same shall nowhere fall indde of the si^aoeof 
t^Jmve dedued oonioal head* Heads may be round, octagonal, or square. 
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If round or octagonal heads are used, the diameter of head to be used in the slab calcu- 
lations shall be the side of an equivalent square. Where a square plate is used as part of 
the column head and its lateral dimension is within the 45-dcg. slope of the conical head, 
the size of said square plate shall be used as the diameter of column head in making slab 
calculations, provided the thickness of said plate is equal to or greater than one-half the 
thickness of the slab and not less than 4 in. 

Slab Thickness. — The minimum thickness of the slab (except in paneled-ceiling type) 


shall be not less than ^ for floors and 


L 

40 


for roofs, nor less than given by the following 


formula 

i = O.OldWw + IM in. 


where t = total slab thickness in inches; L = panel length in feet; and w = total live and 
dead load in pounds per square foot. 

In the paneled-ceiling type the thickness of the enclosed panel shall bo not less than Ha 
of its clear span. 

Drop Panel. — The depth of drop panel whore used shall be determined by using its width 
at the section considered as the full width to resist compression resulting from negative 
moment. 

Panel Strips. — For purposes of computation each panel of the slab is to be divided into 
two sets of strips called A (main slab strips) and B (mid-slab strips). Strips A extend from 


column to column and have a width eciual to 
strips il, and likewise have a width of g* 


L 

2 


and strips B occupy the space between 


Reinforcement in strips A shall be placed symmetrically about column centers for a 
width of approximately 0.4L at mid-span and approximately over columns. The 
width for compression shall be taken as the width of the belts of reinforcement, plus four 


times the thickness of the slab, but shall not exceed The width of main belts of rein- 


forcement over the columns shall not exceed twice the width of the column head. 

Bending-Moment Coefficients^ Interior Panels.- -For the flat-slab type the negative bend- 
ing moment taken at a cross-section of each strip A at the edge of a column head shall be 

22 " • The positive bending moment taken at a cross-section of each strip A midway 

WS 

between column supports shall be * The positive and negative bending moments 


taken at a cross-section of each strip B at the middle of the panel on the center of the 



columns respectively, shall be 


For the drop-panel typo the corresponding moments at the above-mentioned section 
w ^ 

, , WS WS .2®’ 

Bhall be jg-. ^ and 


For paneled-ceiling type the moment cocflicicnts shall be the same as for the flat-slab 
type. 

For determining moments at other sections of main strips A^ the line of contrafloxure 

L 

shall be assumed to be at a distance equal to ^ from the center of column with a straight- 

line variation of moment between the edge of the head and the said lino of contrafloxure. 

In the above W » one-half total live and dead load on the panel, exclusive of the area 
over the column head ; 8 » the clear span in feet between column heads; ii> = total live and 
dead load per square foot; and G — the clear distance in feet between main belts of bars at 
the section midway between columns. 

Bending-Moment Coefficients, Exterior Panels. — For exterior panels without cantilever 
overhang, where wall columns with flaring heads or brackets are used, and for other spans 
not ^ntinuous over both supports, the positive bending moment ooeffldents shall be 
^creased 20 per cent. 
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When bearing walls or piers and girders are substituted for the above wall columns with 
flaring heads or brackets, compute the moments for the exterior panels of such construction 
by assuming the distance from the face of the column head to the inside face of wall or girder 
as S; and the distance between the first interior main belt and the inside face of wall or 
girder as G. 

Oblong Panels, — For oblong panels the moments shall first be determined for an assumed 
square panel with sides equal to the moan of the length and breadth of the oblong panel. 
The moments thus found for strips A shall bo multiplied by the ratio of the square of the 
span in question, and the square of the span of the assumed square panel, and the moments 
thus found used in determining the steel required in strips A. 

The moments for strips B shall bo computed as follows: The load carried by the long 
and short span strips B shall be in the proportion of the ratio of the square of the short span 
to sum of squares of the long and short spans, and the ratio of the square of the long span 
to sum of squares of long and short spans respectively. The moments shall then be found 

as for square panel using the proportion of w carried by the span in question instead of 

When the length of panel docs not exceed the breadth by more than 5 per cent, all com- 
putations may be made on the basis of a square with sides eciiial to the mean of the length 
and breadth. 'J'ho ^ul(^s given herein shall not bo used for rectangular panels in which the 
length exceeds % of the breadth, but special consideration shall be given to such cases. 

Stresses in Steel and Concrete. — The stresses shall be calculated on the basis of the 
straight-line formula, neglecting the tension value of the concrete. The depth of the slab 
for calculation of stresses shall be taken as the distance from the compressive face to the 
center of gravity of the belt of reinforcement in a given strip. The tensile stress in steel 
reinforcement shoiild not exceed 10,000 lb. per sep in. for structural steel grade nor 18,000 
lb. per sq. in. for high-carbon deformed bars. The maximum allowable compression 
in the concrete shall not exceed 7.50 lb. per sq. in. The allowable punching shear on the 
perimeter of the column head shall not exceed 100 lb. per sq. in. Where governing ordi- 
nances or laws require lower allowable unit stresses, such unit stresses shall bo substituted 
for the above. 

Walls and Openings. — Where necessary, slabs shall be thickened or girders or beams shall 
be used under walls and around openings to carry concentrated loads. 

Placing of Reinforcement. — Reinforcement shall be rigidly held in its designed position 
while pouring concrete. The bars in the upper portion of the slab should be rigidly 
supported by frames or transverse bars resting on concrete blocks of proper height. Bara 
in the lower portion of the slab should be raised from the forms and held in proper position, 
preferably by a continuous combined spacing and raising device. The lateral spacing of 
bars shall not exceed IH times the thickness of the slab, nor more than 12 in. 

Bars shall be bent to conform to the bending diagrams shown in Figs. 43 and 44 and shall 
be so placed in the slab that they will not be nearer than ?4 in. from the face of the concrete. 

64. Cantilever Flat Slab Floors. — ^The Concrete Steel Products Company, 
Consulting Engineers, Chicago, have developed and used very extensively a four- 
way system of floor known as the cantilever flat slab construction. The belts of 
reinforcing bars run direct and diagonally between columns being held up in the 
top of slab at the columns by lead rods carried on concrete raising blocks. In the 
bottom portion of slab between columns the bars are accurately spaced and held 
in proper position by bar spacers. 

This system is used for the true flat slab type of floor or the drop panel type 
with the latter predominating owing to the greater stiffness and economy of 
materials. The earlier designs of this company employed radial rods and column , 
bars bent down into slab, also ring bars around column heads, but this method of 
design was discontinued after extensometer tests showed it to be inefficient. A 
typical view of the reinforcement for this syatem is shown in Fig. 45. 

06. Sfani^ez System. — four-way system of flat slab construction which is 
almlUr to the Cantilever flat slab construction with certain added detaib for 
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holding the bars in place, is the Simplex system developed by the Concrete Steel 
Co. of New York. The details are shown in Fig. 46. 
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66. Barton Spider' Web System. — combination of the four^way and two- 
way syatems of reinforcement quite wid^y used is the Barton Spider Web 
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System. The slab reinforcement is composed of small diameter rods running 
from column to column and not continuous, while the negative reinforcement over 
the column heads generally consists of two layers of bars at right angles to each 
other bent in the shape of continuous hairpin loops with the looped ends bent 
down to rest on the forms and thus support the mat in the proper position. Some- 
times, instead of using these fabricated mats for column head reinforcement, two 
layers of loose, short bars supported on concrete blocks and raising bars are used, 
with zig-gag stirrups hanging from the ends of the mat bars to support the ends of 
bars in the direct bands. In this system short straight bars are placed in top of 
slab between columns to take care of the negative crossbending which experience 
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over the columns are used. The details of reinforcement and methods of compu- 
tation are shown in P'ig. 48. 
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been used extensively in buildings by the Cleveland Railway Company, since by 
the arrangement of columns right angle turns arc avoided, and in passing from one 
aisle to another it is only necessary to turn through an angle of 60 deg., thus 
making the movement of cars, trucks or conveyors handling long material very 
easy. The same advantage occurs when used in garage buildings. The general 
layout of a three-way floor is shown in Fig. 49. 

70. S-M-I System. — A type of flat slab floor which differs materially from 
any of the other systems described is the S-M-I or Srnulski system in which circum- 
ferential and radial reinforcement units are used, with only a small amount of 
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steel running directly and between columns. This system, patented by Edward 
Srnulski of Boston, has been used mainly in the Atlantic States. 

The following description of the system by Mr. Srnulski and Figs. 50, 51 and 
52 give an excellent idea of the system. 

The reinforcement of a typical interior panel, fully illustrated in Figs. 50 and 
51, consists of three t3rpes of units: 

(1) Unit C at the column head composed of rings and radial bars in the shape 
of hair pins, the upper prong of which resists tension while the lower prong resists 
compression (see Fig. 52). 

(2) Unit A between columns consisting of two trussed bars and rings. 

(3) Unit B in central portion consisting of four diagonal trussed bars And rings. 

Units T are sometimes used as shown in ^'Top Reinforcement,” Fig. 50. 
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The radial bars are provided with a semicircular hook of sufficient dimensions 
to transfer the stresses into the concrete by bond and bearing. The center ring 
which they sometimes engage keeps them in place and forms an additional factor 
of safety. 

The trussed bars of units A and B are bent up near the points of inflection 
and carried near the top and parallel to the surface of the slab to the column head, 
where they engage the center ring. The bent portion resists shear and binds the 
column-head section to the rest of the slab. The straight portion of the trussed 
bars in the center of the slab and at the column head resists tension due to the 
positive and negative bending moments respectively. 



Fia. 52. 


The trussed bar extends into the column head a sufficient distance beyond the 
point of maximm stress (that is, the edge of the column head), to develop in 
combination with the hook their full tensile strength. The ring which they 
engage serves to distribute the bearing stresses laterally onto a large area of 
concrete. 

Position of Units . — Units A and B are placed near the bottom while unit C is 
near the top of the slab. 

Compression Reinforcement . — ^By introduction of compression reinforcement 
in the shape of lower prongs of the radials, the slab is stiffened at the support, and 
the compression stresses in concrete reduced. If desired, therefore, it is possible 
to omit the drop panel at the column head and use an altogether flat ceiling. 
This is often desirable either for the sake of appearance or to simplify shafting or 
piping. 
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Secondary Reinforcement . — ^Sometimes to prevent cracks on the top of the slab 
between columns, additional secondary reinforcement consisting of short straight 
bars, and called units T, is used. These bars are usually placed after the 
concrete of the slab is poured. 

The reinforcement is laid out on the basis that after deflection under load a 
flat slab floor panel assumes a composite shape, namely, that of an umbrella over 
the columns and the shape of a saucer in the central portion. This means that 
the lines of equal deflection are, roughly speaking, circular, and the stresses act 
perpendicular to these lines of equal deflection. The best method of resisting 
these stresses is by placing the bars perpendicular to the lines of equal deflection, 
or by enclosing them by means of a ring. The radials and trussed bars of this 
system are perpendicular to the lines of equal deflection while the rings either 
intersect them at 90 deg. or they enclose same and prevent the enclosed concrete 
from spreading. 

The main advantage of this system over the others described is the economy 
of steel, but this is in a measure offset by the extra cost of bending the relatively 
large hoop bars, and the additional cost of placing the steel. 

71. Flat Slab Codes. — The flat slab codes and rulings representing best 
practice are the Chicago Ruling, Joint Committee Specifications, and the 
American Concrete Institute Specifications for flat slab construction. The 
Joint Committee Specifications are reproduced in Apj)cndix F and the reader 
is referred thereto. 

72. General Notes on Flat Slab Design and Construction. 

72a. Small Openings. — ^Where small openings are required in the 
floor slabs for pipes, etc., they can safely be put in without changing reinforcement 
if it is not necessary to move any of the bars. Pipe sleeves of heavy wrought-iron 
pipe up to 6 in. in diameter can be put through the column capitals to allow for 
passage of sprinkler and heating pipes or downspouts. The heavy sleeve is used 
to take care of the compression which must be resisted due to the omission of the 
concrete. 

726. Large Openings. — For large openings as are required for 
stairs, elevators, pipe shafts, etc., special framing is required. Wherever possible 
the slab around the opening should be deepened sufficiently to give the necessary 
resisting moment. The deepening of the slab on lines directly between columns 
and adjacent to the opening is better practice than to use deep beams which in 
conjunction with the adjoining flat slab portions give rise to complicated stress 
action. 

72c. Columns. — Experience indicates that if the column diameters 
used in flat slab floors are at least K 2 of tbe span center to center of columns, the 
bending moments developed in the columns will be amply taken care of. 

In no case should the column capital used be greater than three times the 
column diameter nor should it have a slope from slab to column shaft of less than 
45 deg. with the horizontal. The Chicago code limits the size of capital to 
0.225L while the American Concrete Institute ruling sets the minimum size at 
0.2L and places no limit on the maximum size. It would seem advisable not to 
use a capital greater than 0.25L in any design. 

At exterior columns in drop-panel construction a half drop panel should be 
used. The column capital should be a half capital if no spandrel beam is used, 
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but in the great majority of cases this is impossible on account of the use of square 
or rectangular column sections. These only allow the use of column bracket 
projecting out toward the center of building. This increases the span of the 
spandrel strip accordingly and due allowance should be made in the design as 
indicated in the examples hereinafter given above. 

In pouring flat slab floors the columns should be cast to the bottom of capital 
and a period of 24 hr. allowed to elapse before pouring the capital and slab. 
This construction joint should not be made at top of capital. 

72d. Thickness of Slab. — ^Experience gained in the construction 
of a large number of reinforced concrete flat slab buildings shows that many 
of the cases of unsatisfactory results can be laid to the use of relatively thin slabs 
and consequent high percentages of reinforcing steel to obtain the necessary 
strength. It has been noted that flat slab floors giving the best satisfaction 
in actual use and the best results in tests (least deflection recorded) are those 
which are under-reinforced — that is, relatively low percentage of steel used and 
the slab made thicker to give the necessary resisting moment. This keeps 
the compressive stresses in the concrete relatively low, making the strength 
of the slab dependent on the steel which is much more likely to be uniform in 
strength than the concrete. 

As is evident, the thickness of slab depends upon the distance between supports, 
the condition of supports (that is, whether the panel is an interior or exterior one), 
the live load to be carried, the size and shape of the column capital, the thickness 
of slab at the column capital, the thickness of slab at the column (that is, whether 
or not a dropped panel is used over the column capital), and the percentage of 
reinforcement. 

The formulas now recommended for the thickness of flat slabs are based on 
equating expressions for bending moment and resisting moment at any particular 
section, then solving for depth required to steel, and then adding a constant, 1 or 
1 yi in., to obtain the total thickness of the slab. The Joint Committee recom- 
mends for a slab without dropped panels (and column capitals not less than 0.2 
of span center to center of columns) a minimum thickness of slab in inches, 
t = 0.024L y/w + IK where L is the panel length in feet and w the total 
live load and dead load in pounds per square foot; for a slab with dropped panels, 
t = Q,Q2Ly/w + 1 in.; and for the dropped panel section having a width of 


0.4L 


t = 0.03L\/ + 1 K in. 


It should be remembered that the above formulas are based on unit stresses 
of 16,000 lb. per sq. in. in steel and 650 lb. per sq. in. in the concrete and that 
if higher unit stresses are employed the constants in the first part of formula 
can justly be decreased, thus for /, = 18,000 lb. and /c = 700 lb., for slabs with 
drop panels, t = O.l^Ly/w + 1 in. 

In these times of extreme high cost of steel, designs in which relatively thick 
slabs are used will be found more economical, and Joint Committee recommenda- 
tions, or as modified for higher unit stresses, can therefore be adopted as good 
practice. 

For practical reasons the construction of slabs having a total thickness of 
less than 6 in. is not to be recommended even though the formulas above cited 
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may give values of t less than this for light loads and relatively short spans. 
Another limitation, first specified in the Chicago Ruling on Plat Slab Construc- 
tion and now recommended by the Joint Committee and American Concrete 
Institute to guard against the use of very thin slabs for light loads with resulting 
expressive deflection, is that in no case shall the slab thickness be less than H 2 of 
the panel length for floors and 0 for roofs. 

Besides these limitations the designer must make sure that the allowable 
punching shear (100 lb. per sq. in.) is not exceeded at the periphery of the column 
capital and also at the periphery of the dropped i)anel, if it is used. From the 
number of limitations placed on the thickness of flat slabs, it is readily apparent 
that this factor is a vitally important one to the proper execution of flat slab 
construction. 

72e. Drop Panel. — The minimum size of drop panel will be deter- 
mined by the diagonal tension along the edge of the drop. The thickness should 
not be less than % of the thickness of the slab at center. The width of the drop 
should preferably be 0.4L with a minimum of 0.3L and a maximum of 0.5L. 

72/. Flat Slab Thickness. — The thickness of a flat slab where no 
drop panels are used is determined by the unit compressive stress at the column 
capital over the full width of column strip or by the unit shearing stress along 
the periphery of the column capital whichever requires the greater thickness. 

The use of compression steel in the bottom of the slab over the column instead 
of a drop panel is not economical and gives rise to high shearing stresses and hence 
is not advisable. 

72p. Tile Fillers. — ^For floors carrying relatively light loads tile 
fillers are sometimes used in the center portion of panels, but they should never 
be used in the drop panel area or within 0.2L from the center lines between 
columns. 

72A. Details of Reinforcement. — Radial head bars and circumferen- 
tial ring bars used in the earlier four-way designs have proven to be inefficient 
and are now little used. Experience shows that the slab at the ring bar 
tends to form cracks along the bar extending deeply into the slab. This may 
cause failure by shearing or continued increasing deflection and opening up of 
the cracks. 

Experience and actual tests have shown the desirability of bending all reinf orce- 
ing bars at predetermined points rather than depending on the bars to droop from 
top of slab at the columns or over the center portions of the main band into the 
bottom between columns or at the center of panel. This drooping is in general 
too gradual to get the bars in the positions to properly resist the stresses soon 
enough. 

The points at which to bend down steel from top of slab are determined by 
the moment curves and the diagonal tension just beyond the edge of the drop 
panel. The Akme Design Standards for bending down of bars represent the 
best practice. They also provide for the proper length of bar to insure sufficient 
embedment beyond the point of inflection for bars in bottom of slab. In general 
it will be found most economical to bend bars at one end only — ^that is, so one 
end will be in the top of slab and the other in the bottom portion. The use of 
bars bent at both ends requires the use of a considerable number of straight 
bars in the bottom of the slab between columns which is not to be recommended. 
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In four-way designs the bars should not be lap-spliced at the sections of 
maximum moment, unless each bar end is carried to the quarter point of the 
adjacent span and lap counted as two full bars in tension. 

72i. Support and Spacing of Bars. — Owing to the relatively thin 
slabs used in flat slab construction it is of the utmost importance that the rein- 
forcing steel be securely held in place during concreting operations to insure 
its position in the finished slab as intended by the designer. 

Broadly speaking,* the steel should be so placed as to adequately reinforce 
all regions of tensile stress with sufficient length of bars to insure anchorage 
beyond the lines of critical stress. This means that at the column head section 
where the moments are greatest and subject to considerable variation under 
different conditions of loading on surrounding panels, the steel should be kept 
well up in the top of the slab over such an area as will provide steel at all points 
within the maximum possible position of the line inflection from the column 
center. 

Records of tests made on slabs where bars were ** merely drooped’* show that 
the bars were very much out of place in some cases. In the Western Newspaper 
Union Building, recently wrecked to make way for the Chicago Union Station, 
in making a test of one of the floors before wrecking, it was found that bars ih 
the center of the panel were as much as 2 in. above the bottom of the slab, and 
at the column head section (very close to column) the lower layer of bars was 
in some cases as much as in. below top of slab (measurements made by the 
writer), mainly, no doubt, because the bars were drooped and not bent before plac- 
ing. Bending may increase the cost of construction somewhat, but the owner 
can well afford to pay the additional cost because of the fact that the resulting 
structure will be much stronger. The designer should therefore make his plans 
in such a way as to provide definite bending details for each and every bar, so 
that when placed on spacing bars in bottom of slab, and when raising bars and 
blocks in top portion of columns and over many belts between columns, the actual 
position in the finished work will be within a fraction of an inch of the point 
assumed in design. 

72j. Flat Slab Supported on Exterior Brick Walls. — The Chicago 
Ruling on Flat Slab Construction now requires that for wall-bearing panels 
the positive moments in the outer sections of wall panels be increased 50 per 
cent over that specified for interior panels and the positive moments at the inner 
section 50 per cent, and all walls to be pilastered opposite interior columns. 
Slabs designed on this basis have been proved satisfactory, but it must be 
admitted that, all things considered, it is better to have the exterior supports 
of the slab monolithic concrete columns rather than brick piers or walls. 
However,^ it will sometimes be found more desirable to eliminate the wall 
columns even if the cost of the slab is increased, because of the fact that 
little or no restraint is offered by the bearing walls, and for this reason it 
is well to have the definite specification as the moments to be used under such 
conditions. 

To consider the inside face of a bearing wall the equivalent of a column center 
line (that is, the span as the distance from the inside of wall to center line of first 
interior row of columns), is manifestly in error since no support such as afl^orded 
by column capitals is provided inside of the wall line. To the writer it seems 
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entirely logical to consider the inside face of the wall as corresponding to the 
edge of the column capital (if one were used), or in other words, to consider the 
span of slab as the distance from the center line of first interior row of columns to 
a line one-half the width of column head (interior) beyond the inside face of the 
wall. By using this assumed span with the moment coefficients increased 20 
per cent, the same as for ordinary exterior panels, entirely satisfactory results will 
be obtained. In such design the bearing wall takes the place of the spandrel belt 
of reinforcing as noted under the heading arrangement of reinforcement. 

The writer has seen plans of two flat slab buildings in which the exterior 
walls, instead of exterior columns, supported the slabs, and in spite of this the 
bars in the exterior panels were arranged in practically the same manner as 
the interior panels. In other words, the brick piers were assumed to produce the 
same action in the slab as rigid reinforced concrete columns with flaring heads. 
Needless to say, this action failed to materialize, and the floors collapsed. In one 
case, the failure was attributed by engineers to poor brickwork, and in the 
other to faulty form construction, notwithstanding the fact that the failure 
undoubtedly occurred after the forms were removed. In both cases, however, 
the arrangement of steel had much to do with the results. Obviously, it is not 
correct to place bands of reinforcing bars parallel and adjacent to a bearing wall, 
and expect them to make up for the absence of columns. In such cases the 
wall must be considered as the edge of the direct band of reinforcement which 
would be placed there if exterior columns were used, wuth the inner edge of column 
capital corresponding to the inside face of wall. 

72k. Brackets on Columns. — When brackets instead of column 
heads are used on exterior columns, as is now quite often the case where these 
columns are rectangular in shape and exposed as part of the architectural treat- 
ment, due allowance should of course be made in computing bending moments 
in case the brackets are not of the same shape and proportions as the interior 
column capitals, and also in the arrangement of steel and length of bars, par- 
ticularly in the two-way system of reinforcement. 

73. Rectangular Panels. — Since flat slab construction is most economical 
when the panels are approximately square, the designer should endeavor to 
arrange the column spacing so as to meet this requirement. Most codes are 
agreed that the methods of design should not apply where the long side of the 
panel is ^ longer than the short side. 

The American Concrete Institute and Akme moment formulas are so expressed 
as to apply directly to rectangular panels, while the Chicago Code has provisions 
for the computation of rectangular panels which do not agree with tests or good 
practice. This is due to the fact that in computing the moments for the long 
span the design is made the same as for a square panel of dimensions equal to the 
longer span. 

In rectangular panels the slab thickness can be based on the average panel 
length when this is equal to or greater than 0.9 of the longer panel dimension. 
The computations for sections parallel to the short dimension of panel determine 
the drop thickness and should be made first. 

74. Comparison of Different Flat SIA Rules and Codes. — The principal 
features of flat slab design as set forth by the most important flat slab rulings are 
given in Tables 15 and 16. 
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Table 16. — Design Provisions for Four-way Square Inte- 
rior Flat Slab Panels with Drops and Capitals. 
Based upon 2|000-Lb. Concrete and n = 16 



A.C.I. 

Chicago 

New York 

1921 Joint Com. 

Concrete stress, /. 

750 

700 

050 

8001 

Steel stress, /« 

1(V-18.000 

16-18,000 

16,000 

16-18,000 

Fixed col. capital 


0. 225L> 

0.225L 


Formula No 

(64) 

(65) 

(64) 

(64) 

Slab thickness 

It « 

/. - 0 0227v'’W 

<i * 

<1 “ 


0.2L\/w + 1" 


0.2Lv/w+ 1" 

0.2LVw4- 1" 

Slab drop, h 

<l.G7ti 

< 1.67b 

> 1.33b 


Min. drop width 

0.3L 

0. 33L 

0.33L 

0.33L 

Shearing stress^ (edge of 
capital) 


120#/ 



Diagonal tension* (edge of 
drop) 

00^^ ^ 

60^^ ° 



Formula No 

(66) 

(67) 

(68) 

(69) 

Total moment coeff.’ 

Mo — O.QOwlt 

Mo = WL/\G 

Afo « WL/ 17 

Mo « O.OOisL 


(h - qc)^ 




— Hit Column strips 


WL/30 

WL/32 

51-.57%Mo 

+M 0 Column strip 

]8-20%3/o* 

WL/30 

WL/lOO 

18-20%Mo 

— JIfm Middle strip* 

18-20 %Afo« 

TrL/120 

WL/133 

18-20% Mo 

-f-Afm Middle strip 

10-12%Jl/o* 

WL/120 

WVlOO 

7-9 %Mo 


' Maximum fiber stress computed by special formula taking into account variation in intensity 
of stress across tho column strip. 

* See Chicago code for special formula for flat slab on columns without capitals or drops. 

■ Tho moment coefficients in table arc for four-way type only (see Table 16 and various specifica- 
tions for coefficients for other typos). 

* Effective steel area, Chicago « one direct + one diagonal band. Other specifications >■ one 
direct + component of two diagonal bands. 

* Effective steel area, Chicago « one diagonal band. Other specifications component of two 
diagonal bands. 

* The A. C. I. specification allows 10 per cent of total moment to be assigned to sections by designer. 
The percentages tabulated are proper for four-way type with drop. One hundred per cent of must be 
used on the 4 sections. 

^ Figured on vortical section through edge of column capital. 

* Figured on vertical section of depth jd on edge of drop. Figures in parentheses are formula 
numbers for text reference. 


Table 16. — Design Provisions for Two-way Square Interior Flat Slab Panels 
WITH Drops and Capitals. Based on 2,OOQ>Lb. Concrete and n = 16 



A. C. 1. 

Chicago 

New York 

1921 Joint Com. 


(66) 

(70) 

(68) 

(69) 

Total moment coeff 

Mo " O.OOiwZx 

(Zi - «c)* 

Mo - WL/15 

Mo - WL/17 

Mo - 0.00 wL 

— M« Column strip 

50-55% 

TTL/ao 

WL/32 

47-53% 

+Mo Column strip 

18-20% 

TTL/eO 

WL/80 

10-21% 

-Mo. Middle strip 

14-16% 

TfL/120 

irL/1.33 

14-16% 

+Mo. Middle strip . . . ^ 

14-16% 

WL/120 

irL/133 

14-16% 


The allowable oonorcte and steel fiber stresses, the sise of column capital, the slab and drop thick* 
nesses, the width of the drop and the allowable shearing stresses are the same for two-way os given fof 
four-way in Table 15. 
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Table 18. — Akme System Drop Panel 

Panel 

Live 

load 

Slab 

thick- 

ness 

Size, 

plate 

I 

Thick- 

ness, 

plate 

Head 

Clear 

span 

Square [ Hound 

ComE 
widtr 
at col 

Comp. 

width 

at 

center 

Main slab 
mom. at 
head 


150 

G" 

5 -9" 

j 2H" 

1 3'-f)" j 4''-0" 12'-C" 

5'-9" 

8'- 0" 

342.900 

16^ X 16^ 

200 

03 2'' 


1 3" 



8'- 8" 

430.000 

Colb 

250 

0^4'' 


3" 



8'- 9" 

510,000 


300 






8'-H" 

“5^^000 


80 

0" ■ 


2>2' 



8'-"C'' 

230, 500 


150" 


G'-O" 

2>2 

3' -9" ! 1' .3" 1 l3'-3" 

1 O'-O" 

"s'-Ti" 

422,500 


200 



3" 



9'- 0" 

“5267000 

17' X 17' 

2.‘i0 

7>4" 


i 3" 



9'- 2" 

623,. 500 


300 

7^4" 


3" 



1 9'- 4" 

1 

“725,000 


80 

6" 


"237''" 



8'- 9''“ 

“283, 0(K) 


150^ 


0'-3" 


j' 4'-0''' j "I'-G" 1 !'-(>" 

()'-3" 

1 9'- G" 

505,006“ 


200 

7" 


3" 



O'- 7" 

621,000 

18' X 18' 

250 

7H" 


33’2" 



9'- 9" 

742,000 


300 

8" 





' O'-ll" 

! 

862,. 500 


80~ 

0" 


2>2"' 



1 9'- 3" 

331.000 


isiT 

“W' 

6'~y" 


4'"3" 4'-9" 1 14'-n" 

. 1 ... 1 

6' 9" 

, O'-ll" 

Cl i, 000' 


200" 






' 10'-"0" 

746; 000" 

19' X 19' 

^50“ 

rw'- 


W4''~ 

1 


10'- 2" 

889,000” 


300 

i S>2'' 


4" 

1 


To^-'4" 

1 

17630,000" 


80 

1 " 'O'"' 


3""" 

1 


1 9'- G" 

3947666" 


150 

:■* 7>1'' 

7'-0" 

3K'" 

15'-G" I 

7'-0" 

1 10'- 6" 

718,000 


200 

" W' 




— 

10'- 7" 

875, 606" 

20' X 20' 

250 

■ 8M 


is-f 



lO'-lO" 

1,047,006" 


300 ' 



4" 



11'- 0" 

T; 210, 000 


'80"! 

— * 

— 




10'- 0" 

"“456. 001)“ 


150 

- 

■7"-fl''" 

3>i" 

4'-9'^ 5'-3" lG'-3" 

7'-6" 

11'- 2" 

8.52,500' 


200 






11'- 3" 

1,035,000" 

21' X 21' 

26^ 






11'- "5"^ 

"17223,006" 


300 

W' 


4" 




1 “430", 060" 


80" 



3" 



10'- 7"' 

540,006“ 

NoTB.-r-Above designs are made in accordance with pages 2A and 2C of Akme Design Standards, 
panela only. Moments for exterior spans to be increased 20 per cent perpendicular to spandrel. In- 
and rapporting bars not included in weights of steel per square foot of floor. These average 0.15 lb. 

* Larger bar in lower layer only. 
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Type, Quantities — Typicau Desions 
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Ta«le 18. — Akme System Drop Panel 



Notb. — Above designs are made in accordance with pages 2A and 2C of Akme Design Standards, 
panels only. Moments for exterior spans to be increased 20 per cent perpendicular to spandrel. In- 
and supporting bars not included in weights of steel per square foot oi floor. These average 0.12 lb. 
* Larger bar in lower layer only. 


76. I'ables for Flat Slab Design.— The accompanying Tables 17 to 19 give 
slab thicknesses, column capital, and drop details and reinforcement for different 
sized panels and live loads for the different rules and codes. 

Table 17 prepared by Mr. A. R. Lord is for the American Concrete Institute 
Specifications. 
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Typb, QiTANTiTiBa — T tpicaii DBaiGNB. — (Continued) 


Main slab 
mom. at 
center 

Mid slab 

Width 
of mid 
and 
main 
beltq 

Weight 
of steel 
per 

square 

foot 

Reinforcement main belt 

Reinforcement 

mom. 

Center 

Add. bars at head 


591,000 

295,000 

8'-9" 

2.77 

12^" X 23'-6" 

4%" X 12'-9" 
•1%" X 12'-9" 

13%" X 23'-6" 

716,000 

356,000 


3.26 

14^'' X 23'-6" 

4%" X 12'-9" 
•1%" X 12'-9" 

16%" X 23'-6" 

'856.000 

427.000 


3.48 

15^'' X 23'-6'' 

4%" X 12'-9" 
•1%" X 12'-9" 

17H" X 23'-6" 

987,000 

492,000 


3.70 

Wi" X 23'~6'' 

4%" X 12'-9" 
•1%" X 12'-9" 

18%" X 23'-6" 

384,000 

191,000 


2 28 

UH" X 23'-6'' 

4%" X 12'-9" 

11%" X 23'-6" 

685,000 

333,000 

9'-3'' 

2.97 

14H" X 24'-9'' 

4H" X 13'-0" 

14%" X 24'-9" 

837.000 

407,000 


3.28 

X 24'-9'' 

4%" X 13'-0" 
•1%" X 13'-0" 

16H" X 24'-9" 

005,000 

484,000 


'3.66 

X 24'-9'' 

4H" X 13'-0" 
•1%" X 13'-0" 

12%" X 24'-9" 

1,145,000 

555.000 


4 04 

18^"' X 24'-9'' 

4%" X 13'-0" 
•1%" X 13'-0" 

13%" ^ 24'-9" 

447,000 

218.000 


2.45 

IGH" X 24'-9'' 

4H" X 13'-0" 

12%" X 24'-9" 

7^5.000 

402.000 

9'-G'' 

3.10 

15^'' X 2.5'-9'' 

4%" X 14'-0" 

16%" X 25'-9" 

064.000 

486,000 


3.51 

17^'' X 25^-9'' 

4%" X 14'-0" 
•1%" X 14'-0" 

18%" X 25'-9" 

1,132,000 

572,000 

.... 

3.94 

mi'' X 25'-9" 

4%" X 14'-0" 
•1%" X 14:-0" 

14%" X 25'-9" 

1,312,000 

”664‘,6()0 

.... 

‘4.20 

X 25'-9" 

4%" X 14'-0" 

14%" X 25'-9'^ 

516,000 

263 ,000 


2.55 

17^^" X 25'-9" 

4%" X 14'-0" 

14%" X 25'-9" 

^10,000 

449,000 

lO'-O" 

3. "2 3 

16^" X 26'-9" 

4%" X 14'-6" 

11%" X 26'-9" 

"l , 101 ,'oob 

543',000 

.... 

3.70 

i8ili"*X 26'-9" 

XX 

13%" X 26'-9" 

1,305.000 

“Mij'bbb"' 


~47o^“ 

IGH" X 26'-9'' 

4%" X 14'-6" 

14%" X 26'-0'~ 

1,500,000 

745,000 


4' 33 

16%'' X 26'-9" 

4%" X 14'-6" 

ISH" X 26'-9" 

596,000 

326,500 ■ 

.... 

2.80 

13%" X 26'~9" 

4%" X 14'-6" 
1%" X 14'-6" 

17%" X 26'-9" 

1,044,000 


10'-6" 

3.34 

17%'' X 27'-9" 

4%" X 15'-0" 
1%" X 15'-0" 

12%" X 27'-9" 

1,260,000 


.... 

3.90 


4%" X 15'-0" 
1%" X 15'-0" 

14%" X 27'-9" 

1,488.000 



4.20 

16%" X 27'-9" 

4H" X 15'-0" 
1%" X 15'-0" 

15%" X 27'-9" 

"f77i6;ooo 


.... 

4.45 

17%" X 27'-9" 

4%" X 15'-0" 
1%" X I5'-C" 

16%" X 27'-9" 

680,000 


.... 

2.77 

15%" X 27'-9" 

4%" X 15'-0" 

1%" X 15'-0" 

16%" X 27'-0" 



10'-9'' 

fESmi 

20%" X 28'-9" 

4%" X 16'-6" 

14%" X 28'-0" 

1,449,000 



4.23 

17%" X 28'-9" 

4H" X 15'-6" 

16%" X 28'-9" 

1,722,000 



4.50 

18%" X 28'-9" 

4%" X 15'-6" 
1%" X 15'-6" 

17%" X 28'-9" 

1,986,000 


— 

4.75 

19%" X 28'-9" 

4«" X 15'-6" 
1%" X 15'-6" 

18%" X 28'-9" 

800,000 

395,000 1 

.... 

3.00 

16%" X 28'-9" 

4H" X 15'-6" 
1%" X 16'-6" 

18% " X 28'-9" 


The panels for 80 lb. live load are for roofs, where an average of 0 in. cinder fill is used. Use for interior 
orease length of bent bars one foot for exterior spans. All bars to be deformed rounds. Raising 
per sq. ft. of floor for spans shown on this sheet. 


Table 18 is for the Akme Design Standards for two-way flat slab construction 
prepared under the direction of Albert M. Wolf, 1917, then Prin. Ass't. 
Engineer in Charge of Design, Condron Company, Structural EnginMre, 
Chicago. . 

Table 19 is for the Corr-plah^ floor design as develoi^ by the Corrugated Bmr • 
Company. 
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These tables arc given here as a handy check on designs and for estimating 
purposes. They are only prepared for square interior panels and should be used 
accordingly. 

76. Akme System — ^Typical Calculations.^ — set of typical calculations for 
the Akme System of two-way girderless floor construction is given herewith 
together with a plan showing the arrangement of bars (Fig. 53). 

Typical Panel Computations 

Head = 20 X 0.225 = 4 ft. 6 in. round is equivalent to 4 ft. 0 in. square 

Drop plate 20 X 0.35 = 7 ft. 0 in. square 

Use 8 in. slab 

Live lo:id = 200 lb. per sq, ft. fa = 18,000 lb. per scj. in. Live load = 200 ^b. 

fc = 650 lb. per scj. in. mid span. Dead load = 100 lb. 

fe = 750 lb. per scj. in. adj. col. heads. 

300 lb. 

S = clear span = 20 ft. — 4 ft. =16 ft. 0 in. 


Area panel = 400 sq. ft. 

= = 57.0001b. 

M = (.57,000) (16) = 921,600 in.-lb. 
= (57,600)(10)(i#^o) = 552,900 in.-lb. 
m =inc = = 259,200 iu.-lb. 

Comp, width over col. 81 = in. 

Comp, width of cir. Q.4L + 4< = 128 in. 


G = 20 - (0.4L) = 12 ft. 


d (center) = 8 in. — {}i + H) = 6J^ in. 


Assume thickne.ss of drop 3^4 in. 
d for high bars = in. — IH in. = lOH in. 
d for low bars = 10^^ in. — ^4 in. = 9H in. 
552,960 


K center 


(128) (6J^)* 


= 91.5 p=0.57 


K high bars = 


921,600 

(84)(10>^) 


K low bars = 


92L000 
(84) (9^) 


Mid slab bars: d 


A, = (128) (6Ji) (0.0057) = 5.01 sq. in. 

12 — in. 0 = 5.30 sq. in. 

= 97 p = 0.61 

A, = (84) (lOH) (0.0061) = 5.42 sq. in. 

12 — in. H- 2 — M in. 0 = 5.68 sq. in. 

112.5 p = 0.71 

Aa = (84)(9K)(- .0071) = 5.90 sq. in. 

12 — in. -f 3 — ><g in. = 5.88 sq. in. 

8 in. — 1 in. = 7 in. 

259 200 

” (liiodo/co.SK?) “ *"• 

12— H in.* = 2.35 aq. in. 

Typical Exterior Panel 


20 X 19-ft. panel, average span == 19 ft. 6 in. 

5 = 19 ft. 6 in. — (2 ft. -f 2 ft. 3 in.) = 15 ft. 3 in. 

G - 19.5 ft. - 8 ft. * 11.5 ft. 

Area panel = 380 sq. ft. 
y, 300(380 - 16) .64,600 lb. 

A 

M - (54,600) (16.26) (‘H,) - 832,660 in.-lb. 

Af, - M X 0.6 - 499,600 in.-lb. 
m - m. - (•««)(11.6)*(»H,) - 228,000 in.-lb. 

I Prepared under the direction of Albert M. Wolf, 1917, then Prin. Aaa't. Engineer in Charge of 
Design, Condron Company, Structural Engineers, Chicago. 
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For strip 04 


Me « (499,600) (1.2) - 599,500 in.-lb. 
M « (832,650) (1.2) = 999,200 in.-lb. 


K center 


599,500 
(128) (6%)* 


99 V 

Ae 


KcoL 


999 ,200 

(84)(10>i)» 


105 


Mid slab parallel to spandrel: 


0.62 

(128) (6K in.) (0.0062) =» 5.45 sq. in. 

13 — in.^ = 5.74 sq. in. 

V = 0.665 

Ae = (84) (10«) (0.00665) 
13— in. + 2— M in.^ 

. ^ 22,800 
• (18,000) (0.9) (7) 


5.95 sq. in 
« 6.12 sq. in 

2.01 sq. in. 


Mid slab perpendicular to spandrel: 


11 — Va in.^ = 2.16 sq. in. 


Ae 


(228,000) (L2) 
(18,000) (O'O) (7) 

13— M in.^ 


— 2.42 sq. in. 
= 2.55 sq. in. 


For computations on spandrel strip 03 see Art. 80a. 

77, Four-Way Slab Design. — The following examples of four-way reinforced 
flat slab construction by W. Stuart Tait are based upon the American Concrete 
Institute Ruling. 

77a. American Concrete Institute Ruling. — The diagram, Fig. 54, 
together with the following notes, is a summary of this proposed ruling. It is 
inserted so that designers may easily follow the examples worked out later. The 
general notation is given at the end of Appendix F, 

Slab Thickness, — t shall not be less than 0,02L\^w +1 in., nor less than 

” for floors and ^ for roofs. 


Design Moments , — Numerical sum of positive and negative moments shall not 
be less than 0.09 whi^h — gc)*. The report allows a slight variation in the distri- 
bution of this total moment. A reasonble division of this moment in percentage 
is shown in Fig. 54. Note that a slightly different distribution applies 
in the case of drop construction from that in cap construction. Corresponding 
moments shall be flgured at right angles to those shown in Fig. 54. The moments 
shown in Fig. 54 are calculated for a value of the cap diameter c = 0.225L, and 
are for interior panels. 

For exterior panels the negative moment at the first row of interior columns 
and the positive moments at the center of the exterior panels on sections parallel 
to the wall shall be increased 20 per cent over those specified for interior panels. 
The negative moment at the exterior column parallel to the wall shall not be less 
than 50‘per cent of that for the interior panel. 

Shear . — ^The shearing stress which is used as a measure of diagonal tension . 


stress is calculated on a width equal to ^ i and the formula used in this calcu- 
lation is » = "yj” construction, and » = construction. 

Pundiing shear at the* edge of the drop and at the column cap is calculated by 
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multiplying the total panel load occurring outside the area under consideration 
by 1 .25 and dividing this load by the perimeter of the cap (or drop as the case may 
be) and by d. 

Columns . — Both interior and exterior columns shall be designed for bending. 
The moment in a column shall not be less than 0.022 Wih (k — qc)^ where wi is 
the designed live load. In the case of exterior columns, the total dead and live 
load (iv) should be used in the above formula instead of Wi. For, top story 



columns, this amount is all applied at one section of the column. For columns 
continuous through the story above, the moment is to be divided between the 
upper* and lower column in proportion to their stiffness. Stress used in calcu- 
lations for direct load and bending may exceed the direct load stresses allowed by 
50 per cent. 

Stresses . — In the examples worked out, the stresses recommended by the 
Joint Committee based on 1:2:4 gravel concrete (see Appendix F) arc used as 
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follows: /c for positive moment = 650 lb. per sq. in., fc for negative moment = 
750 lb. per sq. in.,/, = 16,000 lb. per sq. in., shear as a measure of diagonal 
tension = 40 lb. persq. in. on plain concrete. Punching shear = 100 lb. per 
sq. in. 

776. Example of Design — ^Drop Construction, Four-Way Arrange- 
ment. — Take a panel 20 ft. square for a live load of 300 lb. per sq. ft., with 
cernont finish laid with the slab. 


Live load = 300 lb. 
Dead load= 115 lb. 


t = OmLVw + 1 = (0.02)(20)(V415) + 1 = 9.15 in. 
t not less than^ = 7.5 in. 


w ^ 415 lb. 
Use 914-in. slab. 
Fireproofing 1 in. 


d for outer section = 9.25 — 1.25 = 8.00 in. (one layer 
of steel) 

d for inner section = 9.25 — 1.50 = 7.75 in. (two layers 
of steel) 

Column capital = 0.225L = 4 ft. 6 in. 

M - column head section = O.OmwhXh^ = (0.0336)(415)(20)(20)2(12)(in.-lb.) 
M = Kbd^. h = 0.3L = 6 ft. 0 in. K = 134 


d^ = 


(0.336)(415)(20)(20)K12) 


= 139 in., or d = 11.8 in. 


(134)(6)(12) 

= 11.8 + 1.00 + 1.00 (4 layers steel) = 13.8 in. Use 14 in. Slab = 9)4 in. 
Drop = 14 — X 6ft. Oin. X Oft. Oin. Note with 14-in. thickness, 

d at column becomes 12 in. (see later increase). 

Gu . 1 (0,3)(415)(20)(20) 

Shear at column = ^ (120)(0.86)(12r = 

T> . • . * , r j (415)(400 - 36)(1.25) 

Punching shear at edge of drop = — - (4)(f2) (7 25^ 


= 901b. 


Punching shear at edge of capital = 


(415)(400 - 10(1.25) 


- -“-i = 99 lb. 


(ir)(54)(12) 

From this, it is noted that both punching shear and diagonal tension stress are 
within the limits prescribed. 

M — column head section (see above) = 1,340,000 in.-lb. 


A. = 


1,340,000 


= 8.12 sq. in. 


(0.86) (16,000) (12) 

M — mid. section = 0.0065u'ii X 

= (0.0065) (415) (20) (20)» (12) = 258,000 in.-lb. 


A. = 


258,000 


w„-^r = 2.34 sq. in. = 12 — round bars. 


(0.86)(16,000)(8.00) 

Jlf — at outer section = 0.0118wii X fs* 

= (0.0118) (415) (20) (20)*(12) = 470,000 in.-lb. 


A. = 


470,000 


= 4.27 sq. in. = 22 — round bars. 


(0.86)(16,000)(8.00) 

M 470 000 

d* required =■ ^ ® 

ilf — at inner section 0.0129 wh X It* 
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In this design we arc using the four-way arrangement of steel, and conse- 
quently each bar in each diagonal band cuts the inner section line at 45 deg. The 
A. C. 1. ruling specifies that the sectional area of bars, crossing any section at an 
angle multiplied by the sine of the angle between these bars and the section may 
be considered as effective. Now we have two diagonal bands of rods, so the effec- 
tive Area of steel to resist the moment at the inner section = 0.7 X 2 bands of 
rods = 1.4 bands. Therefore 

A.each diagonal band = ( -o: 86)(lloOOK8.0 )ri:4) = = 18- H-in. round bare. 

We, therefore, have the following reinforcing for the interior panels: • 


Direct bands 22 — K-in* rounds = 4.30 sq. in. 

Diagonal bands 18 — J^-in. rounds = 3.53 sq. in. 

Across direct bands 12—J^-in. rounds = 2.35 sq. in. 


If general practice is followed, and we bend up all bars at the column, we have 
4.3 + (1.4) (3.53) = 9.24 sq. in. effective, and we found above that 8.12 sq. in. 
were required at the column head section. 

Exterior Panel . — In case the exterior panel is the same size as the interior, for 
which the design above is shown, the moment at the first interior column would be 
increased by 20 per cent and becomes 1,340,000 X 1.2 = 1,610,000 in.-lb. To 
resist this increased moment the depth of the drop or the width must be increased. 
For the sake of uniformity, it is good practice to make all drops the same size and 
to let all other interior drops be governed by the size of the first interior. If 6 
is kept 6 ft. 0 in.. 


,, 1,610,000 
= im(72) 


167 d = 12.92 in., say 13 in. 


The drop then becomes 13 + 2 — in. This increase in the interior 

column drop thickness would permit less steel to be used at the column section, 
but it is better practice to allow the number of rods given above to remain, as 
short bars should be avoided. 

^ow ^.at first int. column = (o.8(5)(i6^(,00)(13) = 

Aa direct band normal to wall becomes = (1.2) (4.3) =5.1 sq. in. = 26 — 
J^-in. round bars. 

A, diagonal band in the exterior panels = (1.2) (3.45) = 4.14 = 21 — 
ip. round rods. 


If we therefore bend up all bars to top of slab at the first interior column from 
the exterior span, we have 5.1 + (1.4) (4.1) = 10.8 sq. in. which is satisfactory. 
Since the moment is the same on each side of the column the extra bars in the 
exterior panel must continue past the first interior column to the quarter point 
of the next span. This is shown in diagram. Fig. 55. 

The A. C. I. ruling specifics a bending moment at the column head section 
parallel to the wall at the exterior column of 50 per cent of the interior column 
head section moment, i.e., 0.0168ti;fii2* = 670,000 in.-lb. The area of the 
steel which must be provided to resist the moment across this section = 

“ 4.06 sq. in. We have availaMe, 6.1 + (1.4) (4.1) » 10.88q. 
in. which is more than is required. It is good practice to allow about oae>half the 
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bars in the exterior direct band to pass through in the bottom of the slab, and the 
other half to be bent up to top of slab. The moment which this steel is resisting 
occurs at the edge of the column capital and the distance from this point to the 
end of the bars is usually ample to develop 16,000 lb. in the steel In bond. It is, 
however, good practice to bend the ends of some of the bars down into the column 
or beam. 

Now the moment in a direction normal to this is one-half the moment of an 
interior column head section, since there exists but one-half a section along the 



wall. Therefore, the cap and drop construction will be similar to that used at an 
interior column. The steel required at this section =» 4,06 sq. in. We have 
available 2.16 + (0.7) (4.1) = 5.02 sq. in. So as to provide sufficient imbed- 
ment to develop the bars in the exterior diagonal bands, it is generally advisable 
to continue the ends of the bars along the wall a short distance. The sted 
arrangement for this design is shown in Fig. 55. Note that one-half of the bars 
in each band only are broken at each column. This is a recommendation of the 
A.aL 
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Column Moments , — The ruling specifies a bending moment of 0.022t£;iZi 
(^2 — qcY for interior columns. In this case M = 0.0158i/;iZ® = (0.0158) (300) 
(20)®(12) = 455,000 in.-lb. Top-story interior columns should be designed for 
this moment combined with the direct load. The lower-story columns, if of equal 
size above and below the floor considered, should be designed for half of this 
moment. If of different sizes, the moment should be divided directly as the 

stiffness of the columns, i.c., in proportion to the value ^ for each column, where 

7 is the moment of inertia and h the height of the column. Similarly the exterior 
column moment 


M = 0.0158w7® = (0.0158) (415) (20)®(12) = 620,000 in.-lb. 
must be provided for. Note particularly that the A. C. I. ruling allows an 
extreme fiber stress combining direct load and bending 50 per cent greater than the 
direct stress allowed for columns. While no ruling or ordinance is distinct on 
this point, it is the writer’s opinion that in designing columns for direct load and 
bending, the entire concrete section may be considered. Ilis reason for this is the 
fact that we arc not required to deduct any portion of the concrete in a beam in 
designing for negative bending and the lower side of a beam at the supports is 
just as liable to damage from fire as is the column it rests upon. 

77c. Example of Design — Cap Construction, Four- Way Arrange- 
ment. — In the previous example the design was accompanied by many explana- 
tions but in this case these will be eliminatc^d, as they would simply be repetition. 
Take a panel 20 X 22 ft, for a live load of 100 lb. per sq. ft. with a maple floor 
finish laid on sleepers with a cinder concrete fill bctw(‘cn. 

Live load =100 f = OmWw + 1 = (0.02) (21) (\/232) + 1 = 7.4 in. 

Floor finish = 20 t not less than = 7.85 in. 

Dead load = 112 Column cap = (0.225)(21) = 4 ft. 9 in. 


w = 232 lb. 

M - column head section = 0.028G«7iX(W= (0.0286) (232) (20) (22)2(12) (in.-lb.) 

d = 6.90 in. 


^ (J^0286)(232)(20)(22)2(12) _ 
(i34)(0.5)(20)(12) 


35 lb. per sq. in. 


t required = 6.9 + 1 + 1 (4 layers of steel). Use 9-in. slab. 

d at column head section = 9 — 2 = 7 in. 

d at mid-section and outer section = 9 — 1.25 = 7.75 in. 

d at inner section = 9—1.5 = 7.5 in. 

, X , . 0.25ii; (0.25) (232) (20) (22) 

column -^,3 (iwWMm 

Punching .her .t ».iumn - «»<» - IgXyS . 98 lb. per sq. in. 

From this we find that 9-in. slab satisfies the shear requirements. 

. ^ , (0.0286) (232) (20) (22) *(12) . 

An at column head section across span U = - ^ /«(— ' 7.95 sq. in. 

A.&t column head section across span li = ffl-0^^86^232)(2^( 20Hlj) ^ ^ 22 sq. in. 

(0.0142)(k2)(M)(22)*(12) _ _ 

18— H’Ui* round rods. 


A, at outer section across span h 
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..... , (0.0142)(232)(22)(20)H12) „ 

A. at outer section across span h (o:86)(ipOO)^5T~ = “ 

\7—}^i-in, round rods. 

A, at inner section both directions = = 3.53 sq. in. 

3 53 ^ 

Aa each diagonal band = = 2.52 = 13— round rods. 


If all bars are bent up to top of slab at column, the steel wc have available 
across span h = 3.6 + 3.53 = 7.13 sq. in. The steel required = 7.95 sq. in. 
We must therefore provide 7.95 — 7.13 = 0.82 sq. in. or 4 — H-in, round bars 
extra. The steel available across h = 3.27 + 3.53 = 6.8 sq. in., and wc require 
7.22 sq. in. Wc must therefore provide in this direction 0.42 sq. in. For the 
sake of uniformity wc will add 4 — J4-in. round bars in each direction and these 
bars will be made 11 ft. 0 in. in length. 

The exterior panels and the bending moments in the column will be found and 
treated in a manner similar to the case where drop construction was used. It 
must be borne in mind, however, that the bending moment at the first row of 
interior columns will have to be increased across the section parallel to the wall. 
Since we must maintain the same thickness of slab, namely, 9 in., it will be necessary 
to introduce compression steel in this direction provided the exterior span is the 
same as the interior. It is convenient where the layout permits, to slightly reduce 
the exterior span so that the moment at the first interior column head section is the 
same as the others. This has been done in Fig. 55 which is a plan of this design. 

77(1, Example of Design Where Neither Drop Nor Cap Are Used. — 
It will have been noted that a smaller percentage of the total bending moment was 
used at the column head section in the ca.se of cap construction than in the case of 
drop construction. This is on account of the fact that drop construction is 
slightly stiffer than cap construction at the supports. Now if in addition we 
eliminate the capital we have still a smaller amount of stiffness at the column 
section. Accordingly, a slightly smaller percentage of the total moment may 
be used at the column head section. A satisfactory distribution of moments for 
the four-way arrangement is shown in Fig. 54. Square columns arc generally used 
in this design, as partitions fit up to them better than other shapes. The writer 
has found that a square column having a size of 0.1 IL usually proves economical 
and satisfactory. The bending moment coefficients shown in Fig. 54 for this class 
of design are based on this value. Designers will find it economical to maintain 
the same size of columns for a number of stories in this design. In most cases 
of designs of this class, the writer has maintained one size of column throughout 
the structure, simply varying the mix and steel for the increased loads. Take 
a panel 16 ft. square for a live load of 50 lb. per sq. ft., a partition load of 25 lb., 
plaster ceiling, and cement finish IH in. thick. 


Live load 

= 50 

Partitions 

= 25 

Plaster ceiling 

= 8 

Cement finish 

18 

Dead load (7-in. slab) 

« 88 


1891b. 


32 “ ® 

0.02LVu> + 1 = 6.36 in. 
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Minimum column size = (0.11) (16) = 20 in. square. We will use 24 in. square 
as it will be found later that this size is necessary on account of punching shear. 
Fireproofing below steel = 1 in. 

Fireproofing above steel = H in. (Note cement finish above the structural slab). 


d at column head section = 
d at outer section = 7-1-^ q 

d at mid-section = 

d at inner section = 7-1-^^ 


— 5.75 in. 
= 5.80 in. 
6.30 in. 
5.62 in. 


M— column head section = 0.0302 wjZi X 

= (0.0302)(189)(16)(16)H12) = 278,000 in.-lb. 

Had this design been for cap construction, the diameter of the cap would have 
been about 0.225L, or 3.6 ft., and h used in the resisting moment at the column 

head section would have been or 8 ft. In this case we have a column 1.8 ft. 

in width and we should therefore use a width of beam = 8.00 — (3.6 — 1.8) 
= 6.2 ft., or 74 in. Another good rule is to limit h to the width of the column plus 
8 ^. In this case we would have 24 -f- 56 = 80 in. In this case we will use the 

278 000 

smaller value, namely, 74 in. At the column head section, then = ^ 34 ^^ 74 ^ 
= 28.0 in. and d = 5.28 in., so the 7-in. slab assumed above is satisfactory. 


0.25'«^ _ (0.25)(189)(1G)(16) 


= 33 lb. per sq. in. 


Shear at column (74) (0.86) (5.75) 

„ . . . (1810(256 - 3)(1.25) .... . . 

Punching shear = (4)(24)’(5 75) — ‘ = 108 lb. per sq. in. (slightly in 

excess of the allowable) 

The 7-in. slab is satisfactory for shear. 

278 000 

A. at column head section = (o.jjey(i(j;;)0OK5775) = “‘- 

. ^ (0.091)(189)(16)’(12) . 

A, at nud-section = ' = 0.98sq.m. = 9 — ?^-in. round rods. 


(0.86) (16,000) (6.3) 


il« at outer section = 


(0.182)(189)(16)»(12) 


(0.86)(16,000)(5.8) 


- 2.12 sq. in. = 20 — ?i-in. round rods. 


... ,. (0.182)(189)(16)»(12) „ 

A. at inner section = -(0-;^)(i6,000)(-5762) = sq. m. 

2 18 

A, each diagonal band = ^ ^ = 1.56 sq. in. = 14 — ^-in. round rods. 


We have available at the column head section, 2.12 + 2.18 = 4.30 sq. in., where 
we require 3.52 sq. in. provided all the bars are raised to the top of the slab at the 
column. It would be good policy, however, to run the excess steel, i.c. 4.30— 
3.52 = 0.78 sq. in. or 7 — %-in. round bars in the direct band, through in the 
bottom of the slab and raise the remaining 13 bars at the column. 

The exterior panel may be designed in a manner similar to that given under drop 
construction. In this case, as in the case of cap construction, it is desirable where 
the layout permits to decrease the size of the exterior panel. Unless this can be 
done it will usually be necessary to determine the slab thickness by using the 
bending moment for the column head section which applies to the first interior 
columns. Where relatively thin slabs are used, as in this casOi compressive 
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reinforcement to provide the increased resisting moment necessary at the first row 
of interior columns is very inefiicient. In the above case, the moment at the first 
tier of interior columns is such that a depth of 5.8 in. is required. We have prac- 
tically this depth available due to the fact that punching shear governed the slab 
thickness. In cases where the increased moment warrants the addition of com- 
pression steel or increased slab thickness at the first interior tier, increasing the slab 
will usually be found to be the most economical. Figure 55 is a plan of this design. 

Other arrangements of steel, such as the two-way or combinations of two and 
four-way, should be treated in the same manner as the above. Some of the 
systems of reinforcing prefer slightly different distributions of the total bending 
moments from those shown in Fig. 54. The distribution shown will, however, 
give satisfactory results. 

78. Floors with Unequal Adjoining Spans. ^ — In flat slab construction, as in 
any form of design where we have continuity over a number of unequal spans. 


$ 



Fig. 56 . 

the correct bending moments must be obtained by applying the Theorem of 
Three Moments. In flat slab construction since the moments used are empirical 
we cannot apply the theorem directly but must increase or decrease the bending 
moment coefficients used for equal spans by applying certain factors to these 
moments. The following is a method of applying the Theorem of Three 
Moments and obtaining the factors referred to for the case shown in Fig. 56. 

In this layout we have a series of panels 20 ft. in length and varying from 16 to 
25 ft. in width. While the arrangement is somewhat irregular, it will be noted 
that the length of the panels is in no case greater than 1.33 times the breadth. 
We will assume that drop construction is to be used and that the column caps are 
0.225L in diameter. The bending moment coefficient for uniform spans, then, 
will be as shown in Fig. 54. As explained previously 

Ml ^ H M for interior column head section 
=0.0168 wh X W = (0.0168) {w) (X) (Ti)* 
or per foot of width = O.OlOwTi^ 

1 B.y W. StUMt Talt. 


( 1 ) 
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Now applying Clapeyron’s theorem, we have 

il/,r, + 2M,(Tt + Ti) + M,T, = (2) 

M,Ti + 2MiiT, + Ti) + M,Ti = ( 3 ) 

+ 2M,(T, + r,) + M,T, = (4) 

M,T, + 2M,{T^ + T,) + MiTs = (5) 


Now substituting in those equations for Ti, 7^2, 
width in the direction of span as follows: 
Equation (1) becomes Mi 

( 2 ) becomes 82 Af 2 + 25il/3 

(3) becomes 25il/2 + 82il/3 + ir)il/4 

(4) becomes IGM 3 + 72M, + 20.^6 
( 0 ) becomes 20^1^4 + ScSil/s 


etc., we have values per foot 

= — 4.3ie 

= -4861.9^; 

= -4930.2?/; 

= -3024 w 
= -3024 w 


Solving these simultaneous equations: 

M — —4.3?/; il /4 = —24.9?/; 

M‘i = —46.8?/; Mb = —28.6?/; = Me 

Mi = —41?/; 


Now find the positive moments A^'i, /V 2 , etc., as follows: 


-J- + /'/,) 

= -0.95?/; 

6.47?/; 

A^ = 23.25'//; 

M. 2 :hv 

Nb = SAOw 


The quantities Mi^ il/ 2 , etc., and iVi, iV' 2 , etc., are the bending moments per foot ol 
width at their respective points shown in the diagram and are for one-way con- 
struction. Now, if we obtain a value for Ni similar to the above but for a series 
of spans equal to Ti, and also a value for N 2 for a scries of spans 7' 2 , etc., and 
designate these values byQi, ( 32 , etc., we can by dividing Ni by Qi, N 2 by Q 2 , etc., 
obtain factors ^ 2 , C 4 , etc., which are the coefficients giving the influence of the 
adjoining unequal spans upon the bending moments for equal spans. By solving 
equations (1) to (5) for equal spans and writing Qi, O 2 , etc., for Ni, fV’ 2 , etc., we find 


Qi = 0.066?^’7h-' = 0.066?/; X 16® = 16.9?/; 

O 2 = 0.0SowT2^ = 0.035//; X 25^ = 21.8?/; 

Qi = 0.043?/;T32 = 0.043?/; X 16* =11.0?/; 

^4 = 0.041 ?/;r4^ = 0.041?/; X 20* = 16.4?/; 

Qb = 0M2wTb^ = 0.042?/; X 16* = 10.8?/; 


Now C 2 = ,V = 


r _ i _ 


Cs = 
Cl0 = 


Ni 

(h 

Qz 

Nj 

Qs 

Nj 

Qi 

Ns 

Qi 


0.384 

16.9'//; 

34.23w _ 

21.SV, = 


C -_ 3 _ 

6 — /v- — T 


11 . 0 ?/; 


23.25 

16.4 


1.42 


= 0.315 

lO.Sw 
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By means of these coefficients we may determine the correct moments across the 
spans Tx, Tz, etc., for the inner and outer sections. Take the outer section in 
span Ti. By referring to Fig. 54 we find that on this section 
M = 0.0118w;ZiZ 2^ which in this case 

= X 1.2 for an exterior panel with equal spans adjoining 

= 0.0118?(jXTi2 X Ci X 1.2 for unequal panels 
= (0.0118) (w) (20) (16)2(0.384) (1.2) in this case (ft.-lb.) 

Similarly across T 2 wc find in this case 

M = (0.0118) (iv) (20) (25)2(1.57) (ft.-lb.) 

and across T 3 we find 

M = (0.0118) {w) (20) (16)2(-0.09) (ft.-lb.) 

Note particularly that the coefficient Ce is negative and that in consequence we 
have a negative moment at the inner and outer sections across T 3 . 

The Theorem of Three Moments assumes knife-edge supports at the columns. 
While this is not strictly correct the assumption will give slightly higher moments 
in the slab on the side of the column adjoining the short span than actually occur. 
The bending moment occurring in the column will be taken up later. 

We previously found numerical values for il/i, M 2 , etc. for the negative 
moments, considering one-way construction for the arrangement of spans shown. 
By solving equations (1) to (5) we may also obtain numerical value for these 
moments for a series of equal spans. For these negative moments we will write 
P\i P 2 , etc. Then by dividing M 1 by Pi, M 2 by P 2 , etc. , we will obtain coefficients, 
Cl, Czf et(!., which arc measures of the influence of the unequal spans upon the 
negative moments. 

In obtaining the numerical values of 3/2 and P 2 , it is immaterial whether we use 
the span length of Ti or T 2 , provided in our calculations for the moments occurring 
in the construction, we use the same value for h in the equation M = O.OSSGu’Zi/o*. 

The best method is to use in all calculations a span equal to the mean of the 
spans adjoining the column at which the negative moment is being calculated. 

The moment Mi is not affected by the unequal span arrangement and in con- 
sequence Cl is unity. 

T I -|" T 2 T 2 “ 1 “ T 3 

Solving equations (1) to (5) for a series of spans of ^ ^ ‘"" 2 — ' 

P 2 , etc., we have 

Pi = -0.0168?^Pi2 = (-0.0168)(wO(16)2 = -4.3w 

Ps = -0.101w(^‘ J = (-0.101)(«))(20.5)= = -42.5W 

P, = -0.079t6-(^' 2 (- 0.079) («’) (20.5)=* = -33.3tt> 

P 4 = -0M5w(J'- = (-0.085)(«)(18)» = -27. 5w 

P, = -0.083w(— y = -(0.083(«;)(18)» = -26.9w 

Ml — 4.3w 

" Pi -4.3w 
^ -46JW 

“ P» “ 


Ct = 1.23 

Ct = 0.9 
C, = 1.06 
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By means of these coefficients we may determine the correct moments at the 
column head and mid-sections across the series of spans Ti T^, etc. Take the 
column head section between spans Ti and T^, By referring to Fig. 54 we find 
that on this section 
M= 0,03S6wlil2^ which in this case 

= (0.0336) ^ X 1.2 for an exterior panel with spans 
(3V+^,) 

= (0.0336) (w)(A^) (~‘^^) X 1.2 X Cs for unequal spans 

= (0.0336)(«>)(20)(20.5)«(1.2)(1.1) in this case (ft.-lb.) 

Similarly at column head section between span T^ and Ta, we have in this case 
M = (0.0336) (w) (20) (20.5)^1.23) (ft.-lb.) 

Proceeding as above, the moments occurring in the slab at all sections across the 
span Tij T’a, etc., may be determined. The moments at right angles to these 
will be entirely unaffected by the inequality of the spans Ti, T 2 , etc. and may be 
obtained in the usual manner. The design may then be treated in the usual way. 
For the sake of uniformity in the construction, the maximum slab and drop 
thickness should be determined for the worst cases of bending moment and panel 
size, and these thicknesses allowed to govern in all cases. The dimensions of the 
drops will be laid out from the column center lines in each direction and the 
projection from these center lines made the same proportion of the span in which 
each part of the drop occurs. 

In this analysis it will probably be found that the moment at the inner section 
across the spans Ti, T 2 , etc., is not the same as that found across the span X, 
In two-way construction, then, the steel in these two sections will vary. In 
four-way construction the steel used in each diagonal band in a rectangular panel 
should be the same. The designer will, therefore, take the mean of the two 
bending moments obtained across the inner sections in calculating the steel 
required in each diagonal band. 

By following the methods of examples given above, all of the moments across 
the spans 7^, T 2 . etc., can be found without doubt arising in the designer’s mind. 
For the sake of entire clearness, a few examples of the method of obtaining the 
moments across the spans X will be given. Take the moment Si as indicated in 
Fig. 56. This moment is made up of the moments in two half outer sections, in 
one case the panel width being 26, ft. and in the other 16 ft. — the span in both cases 
being 20 ft. Assuhiing the same column capital proportion shown in Fig. 54, 
we have for drop construction M for half outer section = In this case 

Si = m59)(wKT2KXy + (0.059)(w;)(T,)(X)* 

« 0.059«;Xa(T2 + T,) 

- 0.118u)X*(^- ^ ^’) 

Similarly S, = 0.118wX*(~t^")»iS, = 0.129«)r*X», andSi •= 0.129wr,Z*. 

The negative moments at the column head and mid-sections may be found 
in the same manner. 
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The analysis given above assumes knife-edge supports as stated previously. 
This means that if we have uniform loading throughout the structure, there will 
be no bending in the columns. This is not strictly true, but the departure of the 
moments obtained under this method of analysis from the precise moments is not 
sufficient to warrant the application of the extremely laborious calculation neces- 
sary if the method of slopes and deflections were to be applied. The bending 
occurring in any interior column, then, will be that due to any entire panel being 
unloaded while the adjacent panel is loaded fully. For equal adjoining spans the 
A. C. L recommends the use of the formula 

M = 0m2wMh - gc)* 

where Wi is the live load per square foot. Where unequal adjoining panels occur, 
the dead, load moments at the column do not cancel each other. In this case, 
therefore, the moment in the column between spans Ti and would become 
M = 0m2wX (Ta - qey - 0.022i)X(Ti - qc)H 
where D is the dead load per square foot of the structure. 

The moment in the exterior column will be found in the usual way. 

79. Exterior Panels. — The design of interior panels in flat slab construction 
is usually a relatively simple matter using any given formula or code, but in the 



Fio. 57. — Diagram showing different moment sections in flat slab floors. 


design of exterior panels with different conditions of spandrel and column capital 
construction the judgment of the designer is a very important factor. For 
this reason a rather detailed study of the various code requirements is given 
herewith. 

The Joint Committee requirement for wall and other irregular panels 
as follows: 


In wall panels and other panels in which the slab is discontinuous at the edge of the 
panel, the negative moment one panel length away from the discontinuous 

edge at a and / (Fig. 67^ and the maximum positive moment between 6 and « shall be taken 
as fallows: 
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(а) Column strip perpendicular to the wall or discontinuous edge, 15 per cent greater 
than that given for interior panels. 

(б) Middle slrip perpendicular to wall or discontinuous edge, 30 per cent greater 
than that given for interior panels. 

In these strips the bars used for positive moments perpendicular to the discontinuous 
edge shall extend to the exterior edge of the panel at which the slab is discontinuous. 

The Concrete Institute specifies for exterior panels the following: 

The negative moments at the first exterior row of columns (a and f) and the positive 
moments at the center of the exterior panel on sections parallel to the wall (h and c), shall 
be increased 20 per cent over those specified above for interior panels. If girders are not 
provided along the column line, the rcinfijrcement parallel to the wall for negative moment 
in the column-head section and for positive moment in the outer section adjacent to the 
wall, shall be altered in accordance with the change in the value of c (column-head diam- 
eter). The negative moment on sections at the w’all and parallel thereto should be deter- 
mined by the conditions of restraint, but must never be taken less than 50 per cent of those 
for interior panels. 

The r(*vis(*(l Chicago ruling rociuircd that: 

(Sec. 27), where wall panels with standard drops and capitals are carried by columns 
and girders built in w’ails, as in .skeleton construction, the same coefficients shall be used as 
for an interior panel, except as fijllows: The positive bending moments on strips A and B 
midway between wall and first line of columns shall be increased 25 per cent (at b and c. 

Fig. 57); and (Sec. 2S), where wall panels arc car- 
ried on new brick walls thc.se shall be laid in Port- 
land cement mortar, and .shall be stiffened with 
pila.sters as follows: If a IG-in. wall is used, it shall 
have a 4-in. pila.ster; if a 12-in. wall is used, it shall 
have an S-in. pilaster. The length of pilasters 
.shall be not less than the diameter of the column, 
nor loss than of the distance between pilasters. 
I'hc pilasters shall be located opposite the columns 
as nearly as practicable and shall be corbeled out 
4 in. at the top, starting at the level of the base of 
the column <’ai)ital. Not less than 8-in. bearing 
.shall be provided for the slab, the full length of 
the wall. 

'J'he coefficients of bending moments required 
for these panels shall bo the same as those for the 
interior panels except as provided herewith: The 
positive bending moments on strips A and B mid- 
way lictween the wall and the first line of columns 
.shall be increased 50 per cent. 

(Sec. 29), Where wall panels are supported 
on old brick walls there shall be columns with 
standard drops and capitals built against the wall, which shall bo tied to the same in 
an approved manner, and at least an 8-in. bearing provided for the slab, the full length. 
Where this is impracticable there shall be built a beam on the underside of slab, adjacent 
to the wall between columns, strong enough to carry 25 per cent of the panel load. 

The coefficients of bending moments for the two ca.ses of slab support herein described 
shall be the same as those specified in Sec. 27 and Sec. 28 for skeleton and wall bearing 
condition respectively. 

The Akme Standards of the Condron Company specify that for exterior 
panels without cantilever overhang, where wall columns with flaring heads or 
brackets are used, and for other spans not continuous over both supports, the 
positive and negative bending moment coefficients in strips perpendicular to 
wall or opening shall be increased 20 per cent (at h, e, a and/). 



Fia. 58. — Moment diagrams for var- 
ious conditioii.s of end support. 
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The increase in moments in exterior panels is of course dependent upon the 
stiffness and strength of the exterior columns and account must be taken of this 
fact in fixing the percentage of increase iji moments. Referring to Fig. 58 it 
will be noted that when the slab is considered as fixed at the exterior column or 
put in another way, when the column is designed to take the entire moment to be 

developed by the slab, the theoretical negative moment is and the positive 
On the other hand, if the slab is simply supi)ortcd by the exterior 


column, the moment at that point will be zero; near the center of span the posi- 
WS 

tive moment will be ^^rst iiit(‘rior row of columns the moment 

WaS . . 

will be ^ • Thus it will be seen that for other conditions of support at 


exterior columns varying from free support to fixity, the moments must vary 
between the limits mentioned, and the diagram then'fore is of special value to 
designers in the determination of moments for varjdng conditions of end support. 

If 80 per cent of the slab moment over the interior column head is assumed 
to be taken by the exterior columns, then the moment at the exterior column 

WS . . . WS 

becomes - - , while that at the first interior column becomes and that at or 
15 10.9 


near center of span between columns 


TF.S 

21.67 


or an iucreasc of 10 per cent in nega- 


tive moment over first interior column, and about 11 per cent in the positive 
moment at or near the center of span between columns. 

On the other hand, if the exterior column be designed to take 60 per cent of the 
bending moment developed over an interior column h(»ad, the moment at the 


exterior column becomes 


that over first interior column 


and that 


at middle of span between columns 


WaS 

19.5’ 


an increase of 20 and 23 per cent 


respectively for the last mentioned moments as compared with interior panels. 

The Akme Standards require that the exterior columns shall resist 80 per 
cent of the moment developed over the interior column and that the positive 
moments at the center and the negative moments over the first interior column 
be increased 20 per cent. This re(}uirement provides for nearly twice the theo- 
retical increase in moments for the assumed condition of end support, but the 
excess is justified when it is considered that a slight yielding of the exterior 
column or failure of same to take the assumed moment will materially increase 
the moments at the points in question. This recommendation in the opinion of 
the writer is the most logical one to use in design of ordinary exterior panels, 
but the judgment of the designer must be used for special cases. 

80. Spandrel Design. — On the matter of spandrel beam design, a considerable 
variation in methods exists as confirmed by the following quotations from 
different rulings: 

The Chicago ruling requires that: 


Tho spandrel beams or fprders shall in addition to their own weight and the weight of the 
spandrel wall, be assumed to carry 20 per cent of tho wall panel load uniformly distributed 
upon them. 
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As previously stated, the Concrete Institute requires that: 

If girders are not provided along the column line, the reinforcement parallel to the wall 
for negative moment in the column-head section and for positive moment in the outer sec- 
tion adjacent to wall shall be altered in accordance with the changed value of c. 

The Joint Committee Tentative Specifications of 1921 recommend that: 

In panels ha^dng a marginal beam on one edge or on each of two adjacent edges, the 
beam shall be designed to carry the load superimposed directly upon it. If the beam has a 
depth greater than the thickness of the dropped panel into which it frames, the beam shall 
be designed to carry, in addition to the load superimposed upon it, at least H of the dis- 
tributed load for which the adjacent panel or panels are designed, and each column strip 
adjacent to and parallel with the beam shall bo designed to resist a moment at least Vi as 
great as that specified for a column strip. If the beam used has a depth less than the thick- 
ness of the dropped panel into which it frames, each column strip adjacent to and parallel 
with the beam shall be designed to resist the moments specified in Table 17 for a column 
strip (see Appendix F). Where there are beams on two opposite edges of the panel, the 
slab and the beam shall be designed as though all the load was carried to the beam. 

The negativ’e moments on sections at and parallel to the wall, or discontinuous edge of 
an interior panel, shall be determined by the conditions of restraint. 

When exposed rectangular columns are used on the exterior of a building 
as is now the case with many industrial buildings, the outer strip of reinforce- 
ment between exterior columns does not always provide sufficient strength to 
carry the brick load of the spandrel wall in addition to the floor load, and it 
then becomes necessary to provide a beam directly under the brick spandrel, 
either raised above or dropped below the bottom of the slab, or to deepen the 
slab a small amount for the width of the drop plate between columns and the 
drop plate dropped below this a sufficient distance to give the required resisting 
moment at the column-head section. If this method of strengthening the 
spandrel to carry the load coming upon it is used, the combined action of the 
spandrel and rest of the slab is more nearly like that of a slab of the same thick- 
ness throughout than if a deep beam raised above or dropped below the floor 
line is used, and this former method of strengthening spandrel strips is recom- 
mended and will doubtless become standard, rather than the use of narrow beams. 
In the latter case the slab adjacent to the beam is not as effective in carrying 
load owing to the relatively greater stiffness of the beam which must naturally 
relieve the adjacent slab of its stress, since the beam resists the tendency of the 
adjacent slab strip to deflect owing to its relatively greater stiffness. 

Just how the combination of the deep beam and the adjacent flat slab strip 
may act is difficult to say, but computations made to determine the amount of 
load carried by spandrel beams based on the deflection of slab and the deflection of 
beams will give an idea of the amount. The line in the slab where the deflection 
due to the load it carries and that of the beam due to the loads acting on it are 
equal, marks the limit of the load tributary to the spandrel beam. Computa- 
tions for deflections with various depths of spandrel beam show that on this 
basis the amount of floor load carried by spandrel beam varies from 0 to a 
maximum of 10 per cent for a beam four times as deep as the slab, which is 
unusual (a maximum of three times the slab thickness being the usual one). 
It would therefore seem logical to design the beam to carry the weight of spandrel 
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plus a portion of the tributary floor load, say of that tributary to the spandrel 
strip per cent of panel load), and the flat slab portion sufficiently strong to 
carry the entire floor load tributary thereto. This duplication of loading will 
insure sufficient strength in both portions either acting together or independently 
as would be the case if the beam and slab were separated by cracks caused by 
difference in respective deflections under load. In placing the reinforcement in 
the slab portion of the spandrel strip the bars nearest the deep portion should be 
kept at a distance of, say the depth of the beam away from the inside face. 
This will insure that the bars are stressed more uniformly and that all carry 
more nearly their proper portion of the stress. 


■ 

m 

— — 


w 


r 

n 

1 

♦ 

i 

■h 



9 

1 

1 

■MB 

eil 


1 


9 

1 

1 


L 

A 

S A 

T 

1 

1 

1 

M 



□ 



r 

n 

1 

m 

1 

1 

% 

t-%- 

1 

1 

4 


B 

1 



M 

mm 






□ 

F 



1 



1 

1 

UiHii 


f 


1 


— - 

1 

1 

1 

1 


gf 

1 

i 

1 



n 

|i 

■ 

1 

1 

■ 

T -w 

1 

|in-- 1 


Fio. 59. — Distribution of load for deep beam spandrel. 


If the exterior columns have relatively narrow capitals, or simply brackets, 
as compared with the interior columns, the condition is changed, and the spandrel 
beam or girder should be designed to carry a greater portion of the panel load; 
the spandrel strip of the slab, and those perpendicular thereto, should be rein- 
forced so that the load will be transferred to the beam instead of the spandrel 
slab strip. This may mean that considerably more reinforcement may be required 
in the strips perpendicular to the spandrel, owing to the increased span. 

The worst condition of loading on a spandrel girder would occur when the 
exterior columns have no capitals or brackets, the outer edge of the slab being 
carried entirely by the spandrel girder, as is the case with the floor shown in Hg. 
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59. This approximates the condition of a floor slab supported by brick-bearing 
walls, although the use of a concrete spandrel girder on concrete columns tends 
to give greater fixity to the slab at the outer edge. 

In designing such panels it seems logical to consider the inside edge of the 
spandrel girder as corresponding to the edge of the column capital; or stated other- 
wise, to consider the span of slab as the distance from the center line of the first 
interior row of columns to a line the width of the interior column capital, 
beyond the inside face of the girder (L in Fig. 59). In such design the spandrel 
girder takes the place of the spandrel belt of reinforcement, and other bolts, 
both main and mid, are placed and designed the same as if interior column with 
capitals were used and the spandrel girder omitted. 

By using this assumed span (L) or jS, clear span, in Akme Standards with the 
moment coefficients increased as for ordinary exterior panels, entirely safe and 
satisfactory results will be obtained. With the belts of reinforcing arranged, 
as shown in Fig. 59, the amount of floor load producing moment on the spandrel 
girder will be somewhat greater than indicated by the trapezoid a&cd, owing to 
the fact that the main bands are wider than the exterior columns, and hence 
transfer some load to the spandrel girder which carries it back to the column. 
Then also, the girder will tend to carry more load than the spandrel strip it 
replaces owing to its greater stiffness. If one-way reinforcement were used in the 
exterior panel the spandrel girder would carry the load on the area aefd, half the 
area between spandrel girder and the line of outside edge of interior column heads. 
Now if two-way reinforcement is used as in Fig. 59, the load carried by the span- 
drel girder must be less than the rectangle ac/d, and somewhat greater than 
the trapezoid abed for the reasons given; the average of these two cases rei)rc- 
sented by the polygon agbchd would seem to represent more than the actual loaded 
area to be carried by the spandrel girder and hence give safe results. 

Now the total area of the panel (Fig. 59) 20 X 17 ft. 9 in. is 355 sq. ft.; the 
area of the rectangle aefd is 132 sq. ft.; the area of the trapezoid abed is 72 sq. ft.; 
and the area of the polygon agbehd is 102 sq. ft. The latter then represents 
29 per cent of the panel area, which is the load to be carried by the spandrel 
girder, which in the case cited is the most severe one to be met with in flat slab con- 
struction — ^that is, no exterior column capitals are used to support the slab. 
If uniform one-way reinforcement were used in this outside panel the percentage 
of load carried by the spandrel girder would be 37 per cent. 

From the foregoing it will be noted that the load carried by the spandrel 
strip and the spandrel girder, if one is used, depends entirely upon the shape and 
size of the column capital and the depth of the spandrel girders, and no rule 
involving center to center of column dimensions that will meet all conditions is 
possible of formulation. 

The following typical calculations for four t 3 q)es of spandrels in flat slab 
construction are based on the methods employed in the Akme design standards — 
that is*, on the clear span between colunm capitals or brackets, or columns in 
Case 4— which seems the only logical general formula which will fit all cases of 
support.^ The unit stresses used are /, - 18,000 lb. per sq. in., and = 750 
lb. per sq. in. at column-head sections and 650 at mid spans. The computations 
are for: 

1 Effective depths same as for tsrpioal panel calculations just given. 
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Case 1. — Ordinary flat slab spandrel strip of same depth as remainder of 
floor (Fig. 53). 

Case 2 . — K spandrel formed by deepening slightly the spandrel strip of the 
floor (Fig. 60). 

Case 3. — A spandrel involving the combination of a narrow beam and the 
adjacent flat slab strip (Fig. 61). 

Case 4 . — K deep spandrel girder supported by columns without capitals 
(Fig. 62). 



80a. Flat Slab Spandrel (Fig. 63). 

Brick 3 ft. high, 9 in. thick at 90 lb. = 2701b. with sash, say 3001b. S 
16.6 ft. 

Brick load “ (16.6) (300) ** 

Tributary area - (16.6) (2.26) + [ ( ^6-5^+ ! )( 7 . 25 )^ 

> 36 + 69 - 04 aq. ft. 

Floor load -■» (04)(3(X)) « 


20 - 4.6 - 


4,660 lb. 


28,200 Ib. 


Total 32,860 lb. 
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M » (32.850) (15.5) (iHs) - 600.200 in.4b. 

Me » (509.200) (iHo) - 306.000 in.-lb. 

Compression width at head =3.5+7 =49 in. 
Compression width at center = (1 + 0.2) (18 + 2t) = 74 in. 



Fio. 61. — Exterior piltel with combined raised beam and slab spandrel. 


K center 


(74) (6H)* 


K at column 


509.200 

(49)(9H)* 


107 


p = 0.55 

Am - (74) (6 J4) (0.006) - 2.8 aq in. 

7 — H in.* - 3.07 aq. in 


p - 0.675 

A, - (49) (•H) (0.00675) - 3.26 aq. in. 
7— « in.* + 1— M in.* - 8.20 sq. in. 
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805. Spandrel with Deepened Slab and Brackets on Exterior 
Columns (Fig. 60). 

5 - 20 - 3 = 7 ft. 0 in. 


Warehouse with brick spandrel walls 8 ft. high. 
Brick load 960 lb. per ft. Slab 125 lb. per ft. 
Sash 15 lb. per ft. — Total 1,100 lb. per ft. 
Spandrel load = (1,100) (17) - 18,7001b. 


Tributary floor load 


(17) (3.5) = 59.5 sq. ft. at 325 lb. « 19,350 lb. 

® 30® “ 13.960 lb. 




Fig. 62. — Exterior panel with deep spandrel girder, no capitals or brackets on exterior 

columns. 


M - (62,000) (17) (iHi) - 884,000 in.-lb. 
jif, - (AO (0.6) - 630.400 in.-lb. 

Comp, width at center [(2) (20) + 2f + 9] *48 + 16 + 9 * 73 in. 
Comp, width at column * 4.6 ft. * 64 in. 
d at center - 10 — (K + H) " in. ^ 

d at column Gow bars) 13 - K - (« + « + H) - IIH in. 

jr *t tmiM m t - 93 (0-38 per oent) 
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884 000 

K at column = ( 54)( ii^7a = 116 (0.73 percent) 

At at center *= (73) (8J^) (0.0058) = 3.76 sq. in. 9 — sq. in.^ = 3.08 sq. in. 

At at column = (54) (llj^) (0.0073) =■ 4.07 sq. in. 10 — H sq- in. and 2 — H sq. in.^ = 

4.42 + 0.39 = 4.81 sq. in. 

80c. Spandrel with Beam (Fig. 61). Design with Brackets on 
Exterior Columns. 

5 = 20 - 3 = 17 ft. 0 in. 

Spandrel wall and beam 13 in. wide. Total height = 4 ft. 0 in. 

Weight per foot (120) (4) = 480 + 20 for sash = 500 lb. 

Spandrel load = (500) (17) = 8,500 lb. 

Tributary floor area = (17) (20) + [ ^ 

Spandrel beam designed to carry weight .spandrel -f >4 tributary floor area *= 8,500 + 
[(27)(300)] = 166,000 lb. 

Beam 1 ft. 1 in. X 1 ft. 3 in. deep. 


Beam: 

Bending moment = (16,600)(17)(»Ka) = 2S2,200 in.-lb. 

282,200 

V = 0.75 

At = (13)(13>i)(0.0075) 


A' 


(i:i)(i3>ii)' 


= 119 


1.32 sq. in. 


Shear 


8,300 


3 — ^4 s»i. in. = 1.32 .sq. in. 


(13)(13>^)(87) 

Use bent bars — no stirrups, 


= 54 lb. per sq. in. 


Slab Portion: 


Load = (108) (300) = 32,400 lb. 

M « (32,400) (17) (iKa) = 550,800 in. -lb. 

Me = (A/) (0.6) = 330,500 in.-lb. 

Comprcs.sion width at center (0.2) (19.25) -h 2/ — 4 = 4 ft. 10 in. 


Compression width at column 4.5 — 1 ft. 1 in. = 3 ft. 5 in. 
330,500 


K center « 


(58) (6K)’ 


= 121 


550,800 


137 


(41) (9H) 

therefore, make spandrel belt high bars increasing efTectivc depth. 


p = 0.765 

At = (58) (OK) (0.00765) =■ 3.04 sq. in. 

7 — H in. = 3.07 sq. in. 

p ^ 1.05 — Too high for unit stresses. 


K « 


550,800 

(41)(10K)> 


= 119 


V = 0.75 

At = (41) (lOK) (0.0075) = 3.26 sq. in. 

7 — K in. = 3.26 sq. in. 


80d. Deep Spandrel Beam. No Brackets or Heads on Columns 

(Fig. 62). 

S - 20 - 3 - 17 ft. 0 in. 

Floor load to be carried as represented by the polygon agbchd in Fig. 60 102 sq. ft. 


Floor load (102) (300) - 30,6001b. 

Spandrel beam (2)(160)(17) >= 6,1001b. 

Spandrel wall (4)(17)(120) - 8,200 lb. 

Sash - 7001b. 


44,600 lb. 


Total 
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M = (44,600) ( 17) (‘Kj) 758,200 in.-lb. 

K = 758,200 _ 

(12)(24H)i p » 0.675 

A, = (12) (24H) (0.00675) - 1.98 sq. in. 

Uao 4 ^4 in. bont, = 1.76 in, and 1 — H in. short bar in top over columns only, totaling 

1.95 sq. in. The 4 — in. will be more than sufBcient in center of beam. 

22 300 

End shear = 22,300 lb. Unit shear (12)(24 h)(K) “ 



Fia. 63. — Floor framing at openings and special panels. 


Bent bars and concrete will take care of 601b. per sq. in. shear, leaving 29 lb. persq.in 
to bo cared for by stirrups. This requires H — in. U-stirrups spaced 9-in. centers for 3 ft. at 
each end, first one 6 in. from column face; then 12-in. centers for 3 ft., and 16-in. centers 
for center portion. 

Wherever possible, it is, in the writer’s opinion, best to use spandrels of the 
types shown in Cases 1 and 2, since the action in such construction is pure flat 
slab action in Case 1 and only slightly modified in Case 2, since the moments of 
inertia of the different slab strips are the same, or only slightly modified, in the 
case of the deepened spandrel strip. 
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The use of a deep-beam spandrel either in conjunction with or without flaring 
column heads or brackets results in a combination of beam action and flat slab 
action, which is difiicult of solution, and what is more, does not result in the true 
economy claimed for flat slab construction. Then also the type shown in Figs. 
61 and 62 does not give a good lighting effect in the building on account of the 
drop beam below ceiling level, and if raised above slab, is subjected to considerable 
torsion stress. Such spandrel construction is also more costly, involving as it 
does the placing of many stirrups and other reinforcement in a narrow beam. 
By proper arrangement of columns and proportion of exterior panels, it will 
very seldom be found necessary to use deep beam spandrels in connection with 
flat slab floors. 







Fio. 64. — Roof framing to carry elevator pent house. 


81. Special Framing. — In Fig. G3 is given data for the design of special floor 
panels with offset panels and elevator hatch in another. This data applies to the 
Akme System of two-way construction which is more adaptable to such framing 
than the four-way system. 

In Fig. 64 is shown a typical arrangement of reinforcement for a roof panel 
carrying an elevator pent house. 

Where the roof slab as required for interior panels is not quite thick enough to 
carry the parapet in addition to the roof load, the slab can often be thickened along 
the outer edge by raising above the level of main roof slab as shown in Fig. 
65. The flat ceiling is thus preserved. Spandrels of floor slabs can be raised 
or thickened ^an inch or so in the same manner, if necessary, where wood floors 
are used. 
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82 . Economy of Systems. — When fiat slab floors employing different systems 
of reinforcement are designed in accordance with a given code, in which too much 
latitude in the placingof values of moments at the various sections is not allowed 
the designer, the amount of steel and concrete required for the different systems 
will be very nearly the same. Under the Chicago ruling the two-way system 
shows some economy in steel over the four-way system. This is because of the 
requirements for negative moment over the center of direct bands between 
columns. Since the diagonal bands cannot furnish this negative reinforcement, 
short bars must bo placed in the top of slab between columns. When this is 
done, the two-way system is more economical in use of steel. 

83 . Patents. — Practically all the previously described systems of flat slab 
construction have been patented. The Courts held that the ‘^Norcross Patent*' 



No. 698542 covering a very primitive four-way system of reinforcement and 
granted April 29, 1902, was the basic flat slab patent. Patents issued later for 
similar arrangement of steel could only be considered as improvement patents 
or as infringements. The Norcross patent did not cover a practical type of 
construction, no buildings using the system described in the patent ever having 
been built. 

The Courts consistently held that the Turner Mushroom and Spiral Mush- 
room Systems were infringements of the Norcross patent and rendered an injunc- 
tion against further infringement. 

No suits for infringement were ever brought against the two-way systems 
by the owners of the Norcross patent before its expiration in 1919 and hence 
there is no record of the Court's attitude toward these systems in relation to the 
Norcross patent. A later decision by the United States Circuit Court, Chioago 
District, declaring the Akme System Patent (Sinks patent, owned by Gondron 
Company) on two-way reinforced floors invalid, would seem to indicate that nmie 
of the now existing fiat slab patents would be upheld by the Courts since most of 
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them were granted later than the Sinks (Akmc) patent. This does not mean, 
however, that the owners of these still existing patents cannot start suit and 
cause an engineer and owner considerable annoyance and expenditure of money 
defending a suit for infringement should they see fit to start one. This, however, 
is extremely unlikely, since the owners of patents which have not been held to 
be infringements or invalid simply because they have not been tested in the Courts 
will be very slow to start a suit which is very likely to result in their patent being 
held invalid. The foregoing cannot be said of the S-M-I system which departs 
quite radically from the general scheme of four-way and two-way flat slab con- 
struction since there is no precedent as a guide as in the case of the latter systems. 

SPECIAL TYPES OF REINFORCED CONCRETE ROOFS 

By Alhioht M. A\'olf 

The varied requirements of public and industrial buildings of all kinds have 
given rise to several special types of reinforced concrete roof construction in 
addition to ordinary slab, beam and girder construction or fiat slab construction. 
The purpose of these chapters is to discuss the design of such special types of roof 
construction as the arch, truss, sawtooth and dome. 

84. Arched Roof Construction. — While arched roof construction of reinforced 
concrete rigidly framed to the concrete columns has been used in many structures 



Fig. 66a. — Foundries of oombination flat slab and arch roof construction. 

in Europe, its use in America has been limited. However, the demand for fire- 
resisting construction for garages, hangars and factories has been responsible 
for the use of reinforced concrete arches in a number of structures. Aeroplane 
hangars when built of steel or wood, are special fire hazards, while if they are 
built of concrete the losses in case of fire could be limited to contents only. 
For foundries, machine shops, printing plants and garages where large open floor 
spaces free from columns are desired, this type of construction with butterfly 
monitors at the crown to provide light and positive ventilation will be found 
economical and otherwise most satisfactory (see Figs. 66a and 666). 

To reduce the dead load as much as possible the roof decking between arch 
riba should be of tile and concrete joist construction using preferably a gypsum 
tile or metal box for the filler between joists because of their light weight. The 
backs of the butterfly monitors should be of the same construction being sloped 
at an angle of 30 deg. with the horizontal and the front or window face at right 
angles thereto. To give proper light and ventilation the sash openings in the 
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monitors should be about 5 ft. for 40-ft. span arches and 7 ft. 6 in. for 60-ft. span. 
The roof slabs of monitors should be supported by solid concrete walls built up 
on the arch ribs. 

Having designed the roof decking and monitors the loads coming upon the 
arch ribs at the various points can be readily computed and the arch ribs analyzed. 
The arch rib ends should be rigidly connected with horizontal tie rods (encased in 
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concrete) to take up the arch thrust and thereby relieve the bending in columns. 
The tic rod member should be sui)portcd at two, three or four points (depending 
on the span) from the ar(;h rib by encased hangers in order to prevent its sagging 
from dead load of concrete encasement, or to transfer the load of light cranes or 
shafting hung on the tic rod members as is desirable in foundries and 
machine shops. 



Fio. 67. — Double span arch roof construction for foundry, machine shop or printing plant. 

The arch ribs can be spaced at intervals of from 10 to 20 ft. depending on the 
requirements and shop layouts. The arch ribs can be analyzed by the ordinary 
methods used for fixed end arches, the thrust being taken up by the tie member. 
The curve of the arch ribs should, for economy, be a parabola or closely approxi- 
mate one. The most effective cross-section for the arch rib is the T-beam section 
making the wings of the T-beam of solid concrete equal to the total depth of roof 
deck construction. 
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In Figs. G6a and 666 are shown cross-sections of two types of foundry buildings, 
one for light casting work without a service crane and the other for heavy work 
with crane service. The exterior panels of standard 18 to 20-ft. size are of flat 
slab construction while the arch spans can be varied from 40 to 60 ft. as desired. 

In Fig. 67 is shown the cross-section of a double span arch roof building suit- 
able for a large foundry not requiring heavy crane service, a machine shop or 
printing plant. With the increasing use of large size presses this type of building 
makes an ideal layout with all the advantages of fire-resisting construction. 

85. Reinforced Concrete Roof Trusses. 

86a. General Advantages. — When concrete materials were relatively 
cheap, as compared with present-day prices, the aim of the designer was to sim- 
plify the design as much as possible to cut the labor cost to a minimum, rather 
than to save on materials at an increase in labor cost. With the existing high 
prices of concrete materials engineers are beginning to appreciate that cost of 
construction must be reduced by saving materials in design and this has been 
effected in long span construction by the use of reinforced concrete trusses. 
Trusses of this type are especially ada])ted for long-span roof construction, for 
framing to carry skylights over wide courts for railway station work, and in fact 
any place where a fire-resisting construction of the best type is desired or required. 
In a properly designed reinforced concrete truss the materials are so placed and 
disposed as to give the greatest carrying capacity with a minimum amount of 
dead load. 

In general it can be said that reinforced concrete roof trusses of other than the 
most simple types arc uneconomical as compared with structural steel or wood, 
but if a fireproof construction is required it will be found that for ordinary spans 
reinforced concrete trusses are cheaper than structural steel trusses encased in 
concrete. This is true beciause of the more economical arrangement of steel 
permitted by the use of bar reinforcement, the difficulty of constructing forms 
around structural steel members, and the greater amount of concrete required to 
encase structural steel tension members as compared with tension rods in 
reinforced concrete. 

866. Types of Trusses. — The above, of course, would not be true 
if a complete truss of the same type as would be most economical for structural 
steel were used. Concrete is especially adapted for compression members, and if 
properly reinforced, a truss of a smaller number of panels can be used for the 
reinforced concrete truss. This cuts down on the amount of formwork and hence 
the cost. The use of reinforced concrete trusses with more than four to six 
panels, except for Vierendeel or Visintini trusses, should not be encouraged, for 
with an increase in number of panels the weight increases very rapidly. The 
ordinary two-panel king-post (Figs. 68 and 69), three-panel queen-rod (Fig. 70), 
and the simple Pratt, Fan and Fink trusses (Fig. 71), and parallel chord Pratt 
and Warren trusses are best adapted for reinforced concrete construction. 

Warren Trusses . — Warren truss with 60-deg. diagonals (see Fig. 72), is 
especially adapted to reinforced concrete construction since (1) the sum of the 
tensile web stresses in one-half of the truss equals the maximum tensile chord 
stress, and (2) the difference between the tensile stresses in two adjacent panels 
of the bottom chord equals the tension in the intervening diagonal. The design 
then amounts to the determination of the required amount of steel for the middle 
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Fio. 08. — Concrete King post trusses — Ford Motor Co. building, Chicago. 
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panel of the lower chord and bending up at each tension diagonal a sufficient 
amount of steel and carrying it to the column in the top chord for anchorage. 
By comimting the amount of steel re(iuired in each tension diagonal and bending 
the same so as to extend in the top chord from the column to the diagonal and 
thence down into the bottom chord, the proper amount of steel will be provided 
in the lower chord to take care of the tension and in the upper chord to take the 
local bending. 

In transferring stresses from the lower chord to the diagonals three equal 
stresses must be provided for at the panel point: "^rhe tension in the diagonal; the 
difference in the chord stresses at eitluir side of the panel point; and the bearing 
of the compression diagonal at the panel point. The bars do not offer sufficient 
resistance to this bearing and a steel bearing plate or saddle should be provided, 



GO. — Details— Ford Motor Co. Imildiii*;, C’hirriKO- 


serving as a spacer and support as well as a bearing plate. All the bars are 
of the same length and if properly tied into the columns no dependence need be 
put in concrete for shear along the face of the column, thus eliminating the use 
of specially built units. The diagonals in special units are nearly always the 
same sectional area for each diagonal or set of diagonals and do not bear any 
proportion to the stresses coming upon them. It usually takes nearly all of the 
length of the diagonal to develop the full strength; therefore full value is not 
developed for the total length of diagonal, while for this type of construction the 
steel is in proportion to the load it takes and there is the length from the top of 
each diagonal to the column to develop bond. 

Vierendeel Trusses , — ^Vierendeel trusses (so named from the inventor, Pro- 
fessor Vierendeel) are used considerably in Europe and are generally built with 
parallel chords and the members of the same cross-section forming square panels, 
although in some cases broken top or bottom chords have been used. These 
trusses are statically indeterminate structures and the analysis is made on the 
basis of the elastic behavior of the truss. 

Owing to the fact that large shearing stresses are developed in the chords 
and verticals, and that diagonal cracks will form in the members unless large 
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"Ce/Z/h^ Const 
f Stirrups- ^pron^s 


(Desif/ned hu \Vm. C. Spiker, C. E., Atlanta, Ga 
Fia. 71. — Reiiiforfod (toncrote Fink truss, Atlanta Union Station. 

material to insure satisfactory results. In addition to this, the absence of diago- 
nal members allows considerable deformation in the truss, since not only axial 
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^ Form bottom 

{Designed by R. T. Bagby)„ 

Fig. 72. — Warren truss of reinforced concrete. 

stresses but bending moments of considerable amount are developed. These 
facts rather preclude the extensive use of the Vicrcndeel truss in America. 






^'bors 

Detail o^Typical \Zisintini Trusb FloorOirper, SeP'ronAA. 
Teatile A/achine Works, 

Fio. 73. 

Fmnfoni Trusses , — ^Another type of reinforced concrete truss used quite 
extensively in Europe is the Visintini type (Fig. 73). These are trusses with 
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parallel chords divided into panels by vertical members connected by single 
diagonals for long spans, or with the verticals omitted for comparatively short 
span trusses. The stresses in these trusses are computed in the same manner as 
for the ordinary parallel chord Pratt or Warren trusses. 

86c. Methods of Truss Roof Framing. — The T-beam with the stem 
reinforced as a column is the most suitable shape to employ for top chord members 
and especially so where the trusses form a monitor skylight, this shape giving 
more lateral stiffness to the truss. Where king-post trusses are used they should 
be tied together by a ridge girder into which intermediate lines of T-beam rafters 
frame. With three-panel and four-panel trusses, longitudinal roof girders or 
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Fig. 74. — Roof framing for various tyi^es of concrete trusses. 


purlins should be used to support the roof slab directly or, if such slab spans are 
very long, rafter beams carrying the slab reinforced at right angles to the purlins 
should be used (Fig. 74). 

Where openings occur in the roof a type of framing should be used which will 
give a minimum amount of concrete for the portion between trusses. Then also 
the roof deck forms should be as simple as possible, so as to reduce to a minimum 
the number of supports required, since if the trusses are located at a considerable ' 
height above the floor directly below, as in a craneway, the cost of construction 
will be greatly influenced by the amount of centering required. Under such 
conditions if the spans of trusses are considerable, the most economical construc- 
tion may be to concrete the trusses in place (if too heavy to handle as units), and 
erect the rafters or purlins and slabs as pre-cast units, thus confining the 
centering to a very small portion of the work. 
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86rf. Determination of Stresses. — The loads to be considered in 
design and the methods of determining the stresses in the various members of 
the different types of trusses (excepting the Viorendeel truss) are the same as for 
steel trusses. 

85e. Details of Design. — Computing the stresses due to truss 
action is by no means the most important feature of reinforced concrete truss 
design, this being in most cases simple as compared with the work of detailing 
the truss. The details to be especially considered are: (1) Construction at 
intersections of members to the full strength of all intersecting members; (2) the 
end shear, horizontal and vertical, at the junction of truss with supports and at 
panel points sliould also be carefully looker! into; (3) the various members should 
be investigat'd to asc(‘rtain the stress(»s due to fh'xuro (local bending) due to 
concentrations, uniform load or dt‘ad weight; (1) the methods of proportioning 
and reinforcing the different members liavci an important bearing on the economy 
of the construction. 

86/. Detailing at Panel Points. — As to point 1, it may be said 
that in tension memb(TS the steel alone is depended upt)n to take the direct 
stress and it should therefore be secundy connected, in the case of web members, 
to the steel in the chords so as to insure the full development of the bars. This 
can ordinarily be done bj'^ hooking or looinng the reinforcement of web members 
over the chord reinforceinent, the hooks being made of good length with fairly 
easy bends. For large trusses it may be nec(*ssary and advantageous to thread 
the ends of the reinforcing bars in the web members and anchor them with nuts 
to steel plates bearing on the chord reinforccunent. I'he additional expense of 
this detail is very seldom warranted for w(*b members in small trusses (up to 
50-ft. span) since positive anchorage can be obtained as previously described. 
To anchor the reinforcement in the lower or tension chord, the ends of bars can be 
threaded and run through anchor plates at tlui ends, or they may be carried well 
back to the end of the truss and bent up on (iasy curves into the top chord for a 
sufficient distance to insure anchorage. The former, however, is to be preferred 
when such detail is used, for the reinforcement, when placed near a re-en- 
trant corner, will tend to crack out whcui under stress. It should, therefore, be 
anchored back into the concrete by looj) ties fastened to the bar. Good substan- 
tial fillets should be formed at the intersections of all members especially where 
tension and compression members connect, since the secondary stresses arising 
at the connections due to their stiffness arc likely to overstress the members at 
such points. The secondary stresses, occurring at panel points, become exces- 
sive in long-span trusses unless properly provided for, and therefore such points 
merit careful investigation. The secondary and not the direct stresses are 
the ones which in reality limit the spans for which concrete trusses arc practicable. 

6Bg, End Connections. — The end connection of the upper and the 
lower chords is one that requires the most careful consideration. At this point 
sufficient firea of concrete and shear reinforcement must be provided at the line 
of intersection of top chord and upper side of bottom chord to resist the horizontal 
shearing force represented by the tension in the latter which is the same as the 
horizontal component of the comprc'ssion in the upper chord. Diajgonal stirrups 
tying the reinforcement of the intersecting members together arc very effective 
in resisting this stress. Sufficient sectional area should be provided in a vertical 
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plane at the edge of the support to keep the vertical shear within reasonable 
limits, 80 to 100 lb. per sq. in. for the maximum load. Filleted or bracketed 
connections are usually made with the supports to insure a sufficient bearing 
and shear area. 

86/i. Local Bending. — The bending stresses induced in the members 
by the external loads and the dead weight of the members themselves in addition 
to the direct stresses should be ascertained and the design should be such that the 
combined stresses do not exceed the allowable at any point. In general, good 
design implies the use of a truss with panel points so arranged as to relieve the chords 
of local bending caused by loads acting between panel points. This is not always 
possible owing to other requirements, nor is it possible to avoid bending stresses 
due to the dead weights of the horizontal or inclined ra(imb(»rs themselves between 
panel points. In the compression members such bending stresses increase the 
compression in the concrete and the steel at iluj upper surface, and decrease 
that in the steel reinforcement and the concrete at the lower side. In tension 
members the tensile stresses in the lower steel arc increased and that in the upper 
reduced by local bending, while the concrete in the upper portion is subjected 
to some compression. After analj'^zing the truss and proportioning the member 
for the stresses thus found, the bending moment due to loads on the various 
members should be asc(‘rtaincd by considering each member as a simple beam 
(or partially continuous if the truss has several panels) between panel points. 
The combined stresses can then b(^ found by the formulas for flexure and direct 
stresses. The stress in steel should be limited to 10,000 lb. per sq. in. and the 
maximum allowable compression in concrete due to bending and direct stress 
should be 650 lb. per sq. in. The Iwnd stress on bars should be low, that is, 50 
to 60 lb. per sq. in. to give an added factor of safety. 

86i. Proportioning and Reinforcing Members. — In the design of 
concrete roof trusses, the one objc(5ti enable feature is the dead load, and it is 
therefore a cardinal principle of d(*tailing that the concrt'te used to encase tension 
members be made as limited in cross-section as is consistent with the general 
appearance of the truss and the amount of steel in the member. The appearance 
must be considered, since to use extremely light sections of concrete in tension 
members and very much heavier ones for compression is not consistent with the 
idea of massiveness and stability symbolized by concrete. Owing to the methods 
of anchoring bars of tension members at the panel points, it is not good practice 
to use a small number of large sized bars in such members as would be done if 
the desire to keep the sectional area of concrete as small as possible were placed 
before all other considerations. A greater number of smaller bars will require 
more concrete for proper encasement, but in so doing, the amount of dependence 
placed on each individual bar is a relatively small percentage of the whole, and 
if one should for some reason not act as assumed, the overstress in the others 
would be slight, while with a few bars it might be dangerous. Although not 
absolutely essential so far as theory is concerned, the reinforcement of tension 
members is usually tied together with hoops or tics to facilitate placing of steel 
to guard against misplacement and dislodgement while concreting. 

Web members in compression should be designed as columns for the direct 
stress with reinforcement well anchored in the chords. The concrete section 
used should be ample to keep the average unit compressive stress on the effective 
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cross-section within from 500 to 550 lb. per sq. in. and the same designed as 
longitudinally reinforced columns with }4 in. (or larger) hoops or ties spaced 
from 6- to 9-in. centers. The maximum amount of longitudinal steel used 
should be about 23^ per cent and in no case should less than H of 1 per cent be 
used in any compression member. The allowable loads on such member can 
be used by the formula P = 400(ilc + wA.) wliere Ac = area of concrete, 
A, = area steel, and n the ratio of moduli of elasticity of concrete and steel = 15 
(for 1:2:4 concrete). The stresses in the steel should be low since the amount 
of embedment of bars at the ends where stresses are transferred will in general 
(except at end connections) be limited. 

The design of compression chord members should be made in the manner 
just described for web members, but it will in some cases be found that a T-section 
instead of a rectangular section can be used to the best advantage for the former, 
owing to the greater effectiveness of such a section in resisting the local bending, 
which is likely to be a largo factor in the total stress. In some cases, where the 
size of top chord members is limited by conditions other than stress, it may be 
advantageous to use continuous spiral reinforcement around the longitudinal 
bars, thus allowing the use of higher unit stresses. From a construction stand- 
point, however, this is to be discouraged, as spirally reinforced horizontal or 
inclined members interfere with the proper concreting of the web members 
below and necessitate the use of very fine aggregate in order to fill properly the 
core of the spiral. 

86 . Sawtooth Roofs. — One of the best means of lighting and ventilating one- 
story buildings covering a largo ground area is by the use of sawtooth roof 

construction with movable steel sash 
in the sawtooth facing to the north, 
and sloping at an angle of from 25 to 
30 deg. with the vertical, depending 
on the latitude, the steeper pitch 
being used in the southern states. 
The back of the sawtooth is usually 
sloped so that its intersection with 
the face forms a right angle and the 
height is usually made about one- 
fourth of the span. 

For printing establishments, 
weaving sheds and for machine 
shops doing fine machine work, 
abundance of light, freedom from shadows, and direct sunlight are necessary, and 
these can be supplied most satisfactorily by the use of sawtooth skylights. The 
main objection to such roofs is their additional cost as compared with flat roof 
construction, but for close work the extra cost will be more than offset by the 
greater quantity and better quality of work turned out. 

The northern light roof was originally introduced in the south and for a long 
time was used extensively only in such localities where little or no snow fell, 
since it was found that the snow banked up between the teeth, blocking the 
windows, and when melting, leaked in around the window muntins and sash. 
With the advent of the steel sash, however, this objection was eliminated. Tbe 
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Pio. 75. — Curb wall detail for sawtooth sky- 
light. 
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melting of snow by heat radiating from the roof and from sunlight tends to fill 
the gutters with saturated snow which quickly freezes in the shadows formed 
in front of the sawteeth, thus clogging the gutters and downspouts and fiooding 
the roof, causing leaks when the next thaw comes, since the gutters melt out 
last. This objection can be set aside by giving adequate slopes to gutters, 
having the curb walls under the sash fairly high, say 18 in. or 2 ft., providing 




numerous downspouts and placing heating coils under the gutters so that the 
radiating heat will keep them free from ice. 

Condensation tends to form on the sash of sawtooth skylights unless they 
are double glazed or sufficient heating coils or radiators are provided along the' 
sQl under the sash. Then also condensation gutters should be provided at 
bottom of sash to carry the condensation. Metal ventilators should be plaeed 
in the of a sawtooth skylight to provide ventilation in addition to the 
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movable sash. It is of the utmost importance that the top of curb walls be 
detailed so as to provide a tight sash joint and a means of flashing the roofing into 
same. A detail which fulfills these requirements is shown in Fig. 75. 

A typical example of a sawtooth roof of ordinary beam construction is shown 
in Fig. 70, while in Fig. 77 is showm a sawtooth roof in which the girders support- 
ing the back or roof of the sawtootli are wide flat beams supported on columns 
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Fig. 77. 


Sawtooth roof of modified flat slab construtstion. 


with flaring heads as used in flat slab construction, and designed in the same 
manner as the main belts in flat slab floors. This latter construction possesses 
the usual advantages of flat slab over beam and girder construction and in addi- 
tion provides a wider gutter with consciiueiit dccrca.se in the danger of flooding 
the sa.sh. 

The roof slab should be designed as a continuous slab and the beams support- 

wl^ 

ing the roof slab should be designed as ])artially fixed using a moment of 



Fio. 78. — Cross-section showing typical arrangement of units in sawtooth construction, 

Unit-hill system. 

at the center and providing for a negative moment of at the supports. 

The concrete posts supporting the spandrel beam over sash are usually placed 
at column centers and if any intermediate support is required by the sash, a 
light structural steel member is used to which the sash can be readily fastened. 
The horizontal tie beams between columns take up the thrust from the roof, tie 
the entire building together securely, and in addition provide shafting supports. 
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A type of sawtooth roof construction which possesses advantages of construc- 
tion economy is the “Unit-Bilt'' sawtooth roof of separately molded members 
shown in Fig. 78. The saving in form and falsework which is noi required in 
this type of construction is the important item, all members being poured in 
unit forms on the ground, cured and then hoisted into place. 

In this system the roof slab rests on the skylight frame at the top and in a 
ledge on the main supporting girders at the lower end. The lower end of skylight 
frame also rests on a ledge in the girder, and horizontal unit-beams tie the tops 
of columns together to form a rigid construction. 

87. Domes. — The solid dome of reinforced concrete is a very economical 
structure for roofing over areas of considerable si)acc and with circular periphery, 
because of the fact that in such structures when i)roperly designed the stresses 
can be readily taken care of. The use of domes is limited mainly to the roofing 
over of tanks and re.scrvoirs and of monumental buildings or towers. 

Spherical domes, those generated by revolving an arc of a circle about a 
vertical line, are most commonly used because of their pleasing appearance. 
However, where utility is the main consideration, a conical dome or a frustrum 
thereof, formed by revolving an inclined line about a vertical axis, can be used 
to good advantage. 

87tt. Loads. — In framed domes it is necessary to make separate 
calculations for stresses due to wind load and snow loads in order that the various 
joints and members may be properly proportioned and detaihid; but with a 
solid dome such as a monolithic concrete dome, 
where the thickness of the shell is governed more 
by practical construction considerations than 
stresses, the design can be simplified by considering 
the live load as a combination of the wind load and 
snow load, acting vertically, and equal to 20 to 301b. 
per sq. ft. of roof surface. 

The dead load for design purposes should be 
taken as the weight of the concrete shell, the 
thickness of which should be about J 150 to Jvqo 
of the span of the dome, but for practical con- 
struction reasons, should be a minimum of 3 m. Rphorioal dome shell. 

Some domes are made of uniform thickness through- 
out, but in order to reduce the dead load as much as possible, it would seem better 
practice to increase the thickness from crown to base where the stresses are greatest. 

Then also, by making the dome thinner in the upper part, the tendency to 
push out the lower portion is decreased and the dome made more stable. 

876. General Theory. Spherical Domes . — ^Let p represent the total 
live and dead load per square foot of surface of the dome. Now the surface 
area of a spherical segment of height y equals 2Trry, where r is the radius of the 
spherical segment. 

Then the load on the segment equals 2irryp. In Fig. 79 a; = r sin v, y « 
r(l — cos v)f T the meridian or tangential stress per unit length of circumference 
equals 

py pr{ l — cos v) _ pr 
/t "" 1 — cos* V 1 + cos w 
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At the crown of dome cos r = 1 and T = and at the equator of the sphere 
COS t; = 0 and T = pr. 

Now the tangential stress T has a horizontal component H which gives 
rise to another stress commonly called the belt or ring stress B, From Pig. 79 

11 = 2B sin Sh = ^ 
and 

2T sin ^ 


Now R and P at any point c must be in equilibrium or in other words, 
their components in any direction must equal 0. Then in direction r 

sin -f p cos i; = 0 
X r ^ 

B = pr( cos V — ^ ^ ^ 

\ 1 -f cos v/ 

At the crown cos v = 1 and B = 

At the equator cos t; = 0 and B = —rp (tension) 

From Fig. 80 which illustrates the variation in stress values it will be seen that 

the belt or ring stress B equals 0 where t; = 51 
deg. 50 min. and h = O.G18r. Tliis plane is called 
the principal joint of rupture since above it (in a 
full dome) the stresses arc all compressive and 
below it the tangential stress T is compressive and 
the belt stress B tension with maximum values at 
the equator. 

If the dome is a segment of a sphere cut at 
any point above the plane of rupture, no tension 
reinforcement is required in the shell and the dome 
will be stable provided the abutment is strong 
enough to resist the horizontal component H of the 
tangential stress or a ring or hoop of steel is pro- 
vided to resist it. 

In a dome whose shell extends below the plane 
of rupture tension reinforcement must be provided to take care of the tensile 
stress B. 

In domes with lanterns at top or open at the top, special joints of rupture 
exist and occur at points below the principal joint of rupture when the base is 
below this plane. 


r^rad/us ofsphtncafsM/. 
p^mighf per sg.0.ofsur^ 



PiQ. 80. — Stress values for solid 
domes. 


Conical Domes , — In a conical dome 


the belt, stress B 




the tangential stress T = + 


2a 


p and 


Substituting for «* its value a* -h r* 



Now if a = r (Fig. 81), the cone has a slope of 45 deg. and B becomes zero^, 
that is, none of the courses are in tension, each course simply tra$|8mitting tl^ 
tangential thrust T downward. 
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With a greater than r the inclination of the sides of the cone is more than 
45 deg. with the horizontal and B will have negative values — ^that is, the stress 
will be tensile. 

If the inclination is less than 45 deg. the courses will be subjected to compres- 
sion in the direction of parallels of altitude as well as in the direction of the sloping 
sides. 

For determining the tensile stress at the bottom of the main course use the 
first formula given for the value of B. The first term 
relates to the effect of the upper part and the second 
to the lower part of the dome in reference to a partic- 
ular altitude, hence at the base of any dome the second 
term vanishes and T and B become equal in amount but 
opposite in sign. 

In a full conical dome no joints of rupture exist, the 
ring stresses being tension, zero, or compression from top 
to bottom depending upon the inclination of the sides. 

In truncated conical domes however, a joint of rupture 
docs exist. 



Fig. 


81 . — Diagram 
conical dome. 


for 


DRAINAGE AND INSULATION OF CONCRETE ROOFS 

By Albert M. Wolf 

The most economical method of providing for drainage on the roof of a 
concrete building is by pitching the roof slab in one or more directions toward 
the drains. This type of roof construction, however, does not make a very 
pleasing appearance in the upper story, neither does it provide the roof insulation 
necessary in certain kinds of buildings to prevent condensation on the underside 
of the slab. For one or both of these reasons the roofs of the majority of concrete 
buildings arc built flat (the same as the floors) and the necessary slopes for drain- 
age and the insulating material placed on the top of the roof slab. Various 
methods have been evolved for draining and insulating concrete roofs, and these 
will be described herein. 

88. Insulation. — ^When air, laden with moisture in the form of vapor, comes 
in contact with a cold body, or surface, the air becomes chilled and the vapor 
forms in drops of water which collect on the cold surface and form what is known 
as condensation or dew. Condensation only occurs when the temperature inside 
the building is considerably higher than that outside, or when the air becomes so 
heavily laden with moisture as to reach its dew-point or, in other words, becomes 
saturated. The amount of moisture which air can hold in vapor form depends 
upon its temperature and barometric pressure; in general, the warmer the air, 
the more moisture it will carry. 

If the building is of such a character as to require considerable heat during 
winter and moisture is present, condensation takes place on such surfaces as 
are directly affected by the cold outer air. Generally speaking, concrete is ^ 
known as a poor conductor of heat, but when compared with wood, especially 
ia. the case of thin construction, such as is ordinarily employed in roof and floor 
sl^ of concretCi it is a relatively good conductor of heat and cold. 


i of t! 


obj^ions to the use of concrete roofs m northern latitudes 
‘^team-laden or hot moist air is present, there is sure to be 
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condensation on the concrete ceiling during cold weather, unless some special pro- 
vision is made to prevent it. This objection has led to the use of various methods, 
design(?d to prevent condensation, and has led some engineers and architects to 
refuse to use concrete roofs. In some cases, wooden roofs have been used on 
structures otherwise entirely of concrete, just to eliminate the trouble encountered 
with condensation on cold concrete slabs. Tliis, of course, is a poor policy 
since one fault is eliminated by introducing another — that is, placing a combusti- 
ble roof on an otherwise fire-resisting building. 

In storage warehouses and buildings of a similar character, where no artificial 
heating is required, condensation can be eliminated by proper ventilation. 
Concrete buildings of this t 3 'pc require little or no roofi nsulation. Power houses, 
paper mills, roundhouses and concrete structures of a similar occupancy, where 
much steam and moist air is present, require very good insulation and ventilation 
to prevent condensation and subsequent dripping of water of condensation on 
machinery and emidoyees. Manufacturing and industrial buildings form a 
class which, as far as insulation of the roof is concerned, lie between the two 
above extremes, since they will reejuire a more or less positive roof insulation, 
depending upon the character of the occupancy and the locality. 

From the foregoing it can be seen that it would not be wise or consistent 
with economy to use the same kind of insulation for all types of concrete build- 
ings. Practically every building forms a separate case, which demands a careful 
investigation into conditions of air in the building at different times, the 
means of ventilation, and the climate of the locality. In one case a certain 
method of insulation may meet all requiretnents and be entindy satisfactory, 
while ill another, owing to diffcjnmt conditions, the results may be entirely 
unsatisfactory, 

88a. Clay Tile Insulation.— Hollow clay tile laid directly on the 
concrete roof slab and covered with a mortar finish upon which to lay the roof- 
ing, form a good insulating medium for sloping roofs. Partition tile, 3 or 4 in. 
thick, with scratched or key(*d surfaces to furnish a mechanical bond for the 
cement mortar coating, are suitable for this work. They should be laid end 
to end to form continuous air spaces, and tar or asphalt expansion joints so 
arranged as to prevent the fill from running into and between the tile, should 
be placed at all walls. The mortar coating is necessary to render a smooth 
surface upon which to lay the roofing, owing to the irregularities of the tile. It 
should be from to 1 in. thick, depending upon the uniformity of the tile, and 
be composed of a 1:3 mixture of cement and sand. 

This type of insulation is a good one for all ordinary buildings with sloping 
roofs, since it combines the advantages of fairl}'^ light weight (25 to 30 lb. per 
sq. ft. not including roofing, depending on the thickness of tile), comparatively 
low cost and a positive insulation. It can be constructed very rapidly and is 
suitable for use on all types of buildings except where an unusual amount of 
moist air or steam is present. 

886. Gypsum Tile Insulation. — ^An insulation similar to that just 
described, but possessing a lighter weight and even better insulating qualities, 
is a concrete slab covered with gypsum roof tile. Gypsum tile is a much more 
efficient non-conductor than clay tile, and, owing to its uniformity, does not 
have to be covered with a mortar coat to form a surface for the applicatio^:^^ 
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the roofing, which materially lessens the cost of construction. Gypsum roof tile 
are made of gypsum and a small amount of wood fiber in the standard size 
12 X 30 in., with a 3-in. thickness. After drying out they are especially treated 
and waterproofed. 

When placing an insulation of this type the sloping roof slab should be per- 
fectly dry, then mopped with hot asphalt or pitch and the gypsum roofing 
tile laid immediately end to end and breaking joints. After all the tile are 
placed, the tops should be mopped with asphalt or pitch and a tar and gravel 
roof placed the same as when applied directly on a concrete slab. 

88c. Suspended Ceilings. — One of the early types of construction 
used to prevent condensation was the suspended ceiling, and it is still being used 
to considerable extent. In beam and girder roofs the metal lath can be fastened 
directly to the bottoms of the beams with wires or expansion bolts, while for 
flat slab roofs the metal lath is fastened to X plate or chan- 

nels, supported by No. 7 wire hangers or H X 1-in. flats hung from the roof 
slab. For spans under 2 ft. ordinary metal lath can be used, but for longer 
spans a stiffened lath is re(iiiircd. These ceilings should be plastered with a 
plaster comi)Osed of 1 part hydrated lime, 5 parts Portland cement, and 12 
parts sand and some long cow-hair thoroughly mixed before adding the water. 

The dead air space formed by this construction is quite effective in preventing 
condensation, and this accounts for the use of suspended ceilings in nearly all 
classes of buildings, including mills, power houses, etc., where they have in general 
given good service. The weight of the suspended ceiling is only about 12 or 14 
lb. per sq. ft., which is a point in its favor. The cost is considerably higher than 
that of the types of insulation just described. However, where a plastered 
ceiling is desired, the suspended ceiling becomes the more economical. 

The disadvantages of suspended ceilings arc the tendency of the lath to rust 
out where moisture is present, and the need of providing slopes on the roof for 
drainage, which some of the other types furnish along with insulation. Then 
again, experience has shown that suspended ceilings will break down in hot fires. 

88d. Cork Tile Insulation. — Slab (;ork insulation can be used either 
on the top of the slab or attached to the underside or ceiling, where a very 
positive insulation is required, but the cost thereof makes its use uneconomical 
except in cold-storage plants where the problem of maintaining low inside 
temperatures is foremost. 

89. Insulation and Drainage of Flat Roofs.— A great majority of reinforced 
concrete buildings are built with the top of the roof slab level inasmuch as this 
construction is cheaper as regards form work, and gives a more pleasing appear- 
ance to the ceiling. It is, therefore, necessary to build up slopes on the top of the 
roof deck in order to provide for the necessary drainage. In such cases the 
insulation of the roof slab can be obtained with the same material used for making 
the roof slopes or in combination with other insulators placed below the material 
used to form the slopes. The most common type of construction for this purpose 
is the ordinary cinder fill with a top finish of cement, upon which the roofing is 
laid. In order to provide a more positive insulation, hollow clay tile or g 3 rpsum 
tile can be placed directly on the roof slab and the cinder filling placed thereon. 
A cinder concrete filling has been used quite extensively, but has objections which 
make it undesirable. These will be pointed out later. 
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89a. Cinder Fill. — ^For flat roofs the cinder fill insulator is probably 
the most used, since it performs two functions: (1) Forming drainage slopes; (2) 
insulating the roof slab at a comparatively low cost. The use of a cinder fill 
necessitates a heavier roof construction, but this is offset to some extent by the 
lesser cost of building forms for a level roof slab as compared with a sloping or 
warped surface, the extra cost of forms for a sloped roof amounting to from to 
1 ct. per sq. ft. and for a warped roof from 3 to 4 cts. per sq. ft. 

The cinder fill, with a minimum thickness of 3 or 4 in. (at downspouts) 
composed of a porous grade of steam boiler cinders free from refuse or slag, should 
be wet down, then placed on the roof properly sloped and tamped to an even 
surface. It is essential that the cinders be wet down before hoisting to the roof, 
for if this is done after placing on the roof the excess water will stand on the slab 
and probably cause trouble by seeping through the ceiling or freezing in cold 
weather and disrupting the fill. If the cinders arc not wet down before placing 
they do not tamp well, and when the surface finish of cement mortar is applied 
they will take up water from the mortar and destroy its value. Before the cinders 
have dried out after placing on the roof a 1 : 3 cement mortar coat, mixed quite 
wet, should be placed on the cinders for a depth of 1 in. and given a smooth 
float finish. This provides a smooth, unyielding surface upon which to lay the 
tar and gravel roofing, and also acts as a seal for the dead air space formed by 
the fill, which gives it its insulating value. 

It is important to see that expansion joints are provided in the top portion 
of the fill around all pent-houses and parapet walls to allow for the exi)ansion of 
the top surface. The top portion of the fill and the mortar finish should, therefore, 

be kept 1 in. or so from all walls 
and the joints filled with bitu- 
minous or asphalt paving pitch 
(see Fig. 82). 

A cinder fill placed in accord- 
ance with the above instructions 
will weigh from 65 to 75 lb. per 
cu. ft. (not including roofing) and 
on account of this excessive weight 
it is highly important that the 
downspouts be arranged so as to 
keep the average depth of fill to a minimum, say 12 in It will be found more 
economical to provide* additional downspouts than to overload the slab with 
additional cinders to care for the drainage and thus increase the cost of construc- 
tion. In designing concrete roofs carrying cinder fills the weight of fill and roofing 
should be taken into account in the calculations in addition to the live load. 
Many designers ignore the weight of the cinder fill in design, assuming that the 
live load, which seldom acts, will take care of this extra load. This is not the case 
and the practice can only be condemned. 

A cinder fill insulation as described is solid enough to bear all ordinary weights 
to which it may be subjected, gives no trouble from expansion, and can readily 
be used on concrete slabs designed as future floors, since, when the future stories 
m added the fill can be tom up and practically all of it re-used. It gives good 
service on heated warehouses^ factories and light manufacturiug buildings, and is 
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very satisfactory for any type of building except those where much steam or moist 
air is present. 

896. Cinder Concrete. — Cinder concrete fills have been used to some 
extent for providing drainage on flat concrete roofs and as an insulator against 
condensation. Such a fill is made of a rather dry, porous, cinder concrete, mixed 
in the proportions of 1 part, by volume, of cement to 8 or 10 parts of porous, 
screened steam boiler cinders, placed in the same manner as a cinder fill and 
finished with a mortar coat on which to lay the roofing. Expansion joints should 
be provided at all walls for the entire depth of the fill, for on hot days it expands 
considerably and exerts much pressure. Many parapet walls have been pushed 
out of place where expansion joints have not been placed in the cinder concrete 
fill. 

The cinder concrete fill is by no means as efficient an insulator as a cinder fill 
and inasmuch as it weighs considerably more than cinder filling and gives trouble 
due to excessive expansion in hot weather, it is not to be recommended as material 
to be used for insulating or providing drainage slopes. 

89c. Combination Hollow Clay Tile and Cinder Fill Insulation. — On 
flat concrete roofs, where some sort of fill must be applied to take care of drainage, 
the combination of the hollow clay 
tile and cinder fill insulators forms 
an excellent construction, since it 
combines and augments the advan- 
tages of each method considered 
separately (Fig. 83). 

This insulation is constructed in 
the same manner as the cinder fill 
except that the clay tile arc placed 

end to end on the roof slab be- §3- -Qombined cinder fill and tile insulation, 
fore placing the fill. The weight 

for an average total depth of 12 in. amounts to from 70 to 75 lb. per 
sq. ft. 

The dead air space directly over the roof slab formed by the tile and the 
protecting covering of cinders (forming the roof slopes) keeps the temperature 
of the air in the dead air space at about normal, and allows little chance of con- 
densation except when the ventilation is poor. For this reason the insulation 
is as nearly perfect as can be made (with exception of the t3q)e next described) 
without the use of expensive cork insulation combined with tile, etc. It is 
entirely satisfactory for use on power houses, paper mills, roundhouses and 
structures of a similar nature, and with proper ventilation no trouble should be 
experienced from condensation. 

The principal objection to this type of insulation is the excessive weis^t, 
but where a positive insulator is required the advantages cited overcome the 
disadvantage and extra cost of roof construction caused by the additional weight 
to be carried. 

89d. Combination Gypsum Roof TUe and Cinder Fill Inaulattom*— 
Perhaps the most positive insulation which can be constructed is the combim^ 
tion Pyrobar gypsum roof tile and cinder fill. The better insulating qualities 
are obtamed by the use of gypsum roof tile instead of clay tile. The of 
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this construction is less than the type just described and the cost is about the 
same, so that, all other conditions being equal, it should be given preference 
when insulating the roofs of roundhouses, power houses, i)aper mills and similar 
buildings. It is especially adapted to flat roofs, since the cinder fill provides 
for the drainage as well as abetting the insulating qualities of the gypsum tile. 

In constructing this insulator the gypsum roof tile are laid on the concrete 
slab in the manner previously described, except that the coating of pitch on the 
top of tile is omitt(id, and the cinder fill is placed and finished as heretofore noted. 
This construction weighs about 55 lb. per sq. ft. for an average total depth of 12 
in., and the cost will be about 15 to 16 cts. per sq. ft. not including the roofing. 

A great many conditions and factors enter into the selection of the proper 
type of insulation for a concn^tc roof slab, and a ver^'^ careful study should, there- 
fore, be made of the case at liand so as not *^^o cause a costly insulation to be used 
where a cheajior one would hav’^e prevented condensation just as cflfectually. 
Hard and fast rules are difficult of application, and individual judgment and the 
past experience of others in the same locality with the insulation of buildings 
against condensation should in all cases be given proper weight in making the 
selection. 

90. Conductor Heads for Roof Drainage. — In ordiT that downspouts pro- 
vided to carry off the drainage from roofs may function efficiently it is essential 
that the conductor head, or inlet, be so constructed as to preclude the possibility 
of its being stopped up by accumulations of gravel, leaves, dirt, etc. Then 
again some consideration as to the type and pitch of the roof should be given 
when detailing the conductor head and fixing the size of the conductor. It is 
apparent that the same conductor head detail and the same size of conductor 
should not be used for equal areas of flat and pitched roof. 

90a. Size of Downspout. — The common practice in determining 
the proper size of downspout is to provide 1 sq. in. of conductor area for each 
100 sq. ft. of area of what arc commonly known as flat roofs (slope }^i to in. 
per ft.) in the Central States and 1 sq. in. of conductor for each 75 sq. ft. in 
localities where the rains are more severe. For roofs of greater pitch the areas to 
be cared for by 1 sq. in. of conductor should be decreased in the following ratios: 
16 per cent for pitch and 25 per cent for pitch. In no case should a down- 
spout be less than 2 in. in diameter and preferably not less than 4 in. 

The conductor head should be of such size and arrangement as to present 
about twice or three times as great a width or diameter as the conductor, so 
that even if a portion eff the screen should become clogged or stopped up with 
debris, there will still be sufficient inlet area to carry away the water without 
flooding the roof. 

The downspout arrangements for sawtooth roofs demand special attention 
in order that satisfactory results may be obtained. On such roofs it is highly 
essential that downspouts be placed in each line of valleys and that they be 
designed to serve a much smaller area than for ordinary roofs of the same pitch. 
In winter there is always a tendency for snow to drift into the valleys; and in 
mild weather, when alternate thawing and freezing take place, difficulties of 
getting the water to the conductors are sure to be experienced unless they are 
spaced fairly close together and the screens or strainers carried up some distance 
above the roof line. 





Fig. 86. — ^Josam cast-iron conductor head for sawtooth roof construction. 

conductor heads which properly fulfilled requirements, and the making of special 
castings made the use of cast iron rather expensive. This fact lead to the quite 
extensive use of copper wire baskets set in conductor boxes connected to the 
downspout. 
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At the present time, however, standardized designs for conductor heads to 
meet various requirements as patented and manufactured by the Josam Manu- 
facturing Company of Michigan City, Indiana, can be obtained at a very reason- 
able cost and are being extensively used. 

In Figs. 84 and 85 are shown details of these conductor heads for ordinary 
concrete roofs and for sawtooth roofs. It will be noted that special precautions 
are taken against leakage around the casting embedded in the slab and that a 
removable sediment cup is provided. 

ROOF PARAPET WALLS 

By Aijjeht M. Wolf 

Parapet walls for reinforced concrete buildings arc of two general types, 
brick or reinforced concrete or a combination of both, the type used depending 
upon the architectural treatment desired. To prevent flooding of a roof enclosed 
with parapet walls in case the downspouts should become clogged, holes should 
be left in the parapets at frequent intervals. These openings should be formed 
of sheet metal or short pieces of pipe. 

91. Brick Parapets. — Brick parapet walls have been extensively used, 
but unless properly built and waterproofed on the inner side are very apt to give 
trouble from leakage at the junction of roofing and parapet. This has given 
rise to the quite extensive use of reinforced concrete parapet walls. If a brick 
parapet wall is used on a reinforced concrete building, the inner side of the para- 
pet should be of hard burned vitrified brick (not ordinary soft-burned common 
brick) laid up in cement mortar and coated with high melting point roofing 
tar or asphalt. 

Where cinder or cinder concrete fills are used on roofs to provide for drainage, 
the tendency of the fill to expand and push out the parapet must be counteracted 
by placing expansion joints lor 2 in. wide filled with tar or asphalt paving pitch 
of relative low melting point between the fill and the parapet. Then also it is 
good practice on large roofs to anchor the brick parapet to the roof slab as an 
added safeguard. No rules for exact size or spacing of anchors can be given, 
but in general M in- diameter bars placed in the roof slab at intervals of 18 in. 
to 2 ft. and bent up into the parapet will do the work, if the wall is built up solid 
around them and laid in cement mortar. 

92. Flashing Details. — It is of the utmost importance that the proper means 
of fastening the roof flashing and counterflashing at the parapet walls are pro- 
vided. A very satisfactory detail for flashing of built-up roofings at brick para- 
pets is shown in Fig. 86. This detail recommended as good practice by the 
American Railway Engineering Association makes use of a 2 X 4-in. timber 
with one edge beveled, laid continuous in the parapet at the proper height in 
place of a stretcher course of brick. This serves as a nailing strip for a light wood 
strip, holding down the flashing and counterflashing. After placing the flashing 
the slot should be completely closed with cement grout or plastic roofing 
cement. 

A recommended flashing detail for concrete parapets is shown in Fig. 87. 
A 2 X 4 timber is ripped on the diagonal and both pieces are then placed in the 
forms at the desired height, the upper strip being securely nailed to the forms so 
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as to insure its removal when forms are taken down, while the lower piece is 
just tacked to the forms and has wires or nails driven into it as shown to anchor 
it to the concrete. The flashing and counterflashing are then placed in the 
same manner as for brick walls. 

93. Concrete Parapets. — ^As generally designed, concrete parapets in addition 
to retaining or masking the drainage slopes, carry a portion of the roof load as 
beams, but owing to the fact that they are generally much deeper than required 
simply to carry the load, other considerations beside the load must be taken into 
account. That is, enough reinforcing must be provided and distributed in a 
manner which will prevent the formation of expansion and contraction cracks 
resulting from the excessive changes of temperature to which side walls are sub- 
jected. Ordinarily parapets are at least 3 ft. deep overall, and usually this 



depth is much more than is required to resist the bending moments induced 
therein, especially in flat slab construction where the portion of the flat slab 
adjacent to the parapet carries most of the roof panel load. This means that a 
very low percentage of steel will be required to resist the tensile stresses produced 
by bending. In fact, it may be such a small amount as to be incapable of resist- 
ing the stresses set up by temperature changes. For this reason it is always well 
to so detail the reinforcement of the portion of the parapet above the roof as to 
have not less than 0.25 to 0.30 of 1 per cent of longitudinal reinforcement arranged 
somewhat as shown in Fig. 88 with plenty of vertical reinforcement in the form of 
stirrups to tie together the portions of parapet poured at different times (portion 
below and above roof line). 

Concrete' parapets should always be designed and reinforced as fully or par- 
tially continuous beams, depending upon the location thereof, and the condition 
of end supports, for unless this is done, unsightly cracks are sure to appear near 
the supports. If the parapet walls are of such form as to require pouring m two 
operations as in Fig. ^ they will, of course, not be so strong as if poured in one 
operaiaon, and therefore, if the total depth is to be considered effsetive, a bending 
moment eoeffioient somewhat lower than used in the formula for fuUy oontinuons 
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beams, namely, M = ^2 > should be used. In the writer’s opinion, this should 

wl ^ wt^ 

be for beams of the type in question, M = for interior spans and M — 

for end spans at support and mid-span. 

Parapets seldom require very much diagonal tension reinforcement owing to 
the depth of same and the relatively light loads to be carried, and the use of 
bent bars is therefore seldom warranted, since the stirrups used to tie the portions 
of the wall together can be made of sufficient number and size to care for all 
diagonal tension stresses in excess of that which the concrete alone will resist. 
At corners extra horizontal bars should be provided bent around the corner so 
as to lap with the main bars, for unless this is done, cracks are sure to develop, 
owing to expansive and contractive forces acting at right angles to each other. 
In large buildings it will be found advisable to provide expansion and contraction 
joints in parapets about every 200 ft. over columns, the spans adjacent to such 
joints being designed and reinforced same as end spans; or better still to provide 
expansion and contraction joints for the full height of building (see Art. 99, 
p. 358). 

94. Concrete Parapets to Support Brick or Terra Cotta. — In commercial, 
monumental and some industrial buildings, the architectural treatment requires 



Fig. 89. Fig. 90. 

concrete parapets designed to support the cornices and brick, terra cotta, or stone 
facing of the parapet. Such concrete beams must be designed to resist the 
twisting action produced by the weight of the material hung from the side of the 
beam as in Figs. 89 and 90. 

When the concrete portion of the parapet supporting the projecting cornice 
and brick parapet above is not very high, as in lig. 89, the bending stresses 
produced can be taken care of by placing vertical bars or stirrups so as to reinforce 
the wall as a cantilever with sufficient longitudinal reinforcement to resist the 
tensile stresses due to beam action in a vertical plane. 

Where the concrete parapet beam is relatively high as in Fig. 90, and the 
ornamental stone ^or terra cotta projects a considerable distance beyond the face 
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of the wall, or in other words, if the center of gravity of the entire parapet lies 
outside the face of the concrete wall, buttresses should be used at the columns 
and the wall reinforced as a counterfort wall between the buttresses. The main 
reinforcement in the buttresses (at the back) should be well anchored into the 
floor construction or into the column below, and after extending up the back 
of the buttress it should be bent down in front of the longitudinal wall bars, 
thus giving a positive support for the continuous wall slab. Buttressed parapet 
walls should also be reinforced to take care of the ordinary beam action which 
may develop due to the weight of the parapet. The same bending moment coeffi- 
cients are recommended as for ordinary roof parapets previously described. 

If the covering of brick or terra cotta is only a few inches thick it can be 
supported by spandrel angles anchored to the concrete, and placed wherever 
offsets occur in the veneer. In addition to these angles, corrugated metal brick 
ties set in the concrete should be built into the brick joints to aid in holding the 
brick in place. Terra cotta or stonework w’hich projects 9 in. or more beyond 
the face of concrete should be anchored to the parapet by bolts passing through 
the webs of the blocks of terra cotta or by bent plate anchors securely fastened 
into the stone courses. These anchors should be used in addition to the spandrel 
angle supports previously mentioned (sec Figs. 89 and 90). When a well- 
designed concrete parapet is used, there is no danger of failure of the main support 
of the cornice, and if the spandrel angles and anchors are properly placed and well 
covered with mortar when placing the veneer, practically all danger of part of 
the cornice falling is removed. 

MISCELLANEOUS STRUCTURES 
By Albeut M. Wolf 

96. Reinforced Concrete Stairs. 

96a. General Types. — Generally speaking, there arc three types of 
concrete stairs: (1) A simple inclined slab reinforced longitudinally between floors 
(or floor and landing) with the steps cast integral with the slab; (2) inclined 
stringer beams at sides between supports carrying a slab reinforced transversely 
between the beams and with the steps cast on the slab ; and (3) separate pre-cast 
units for each step reinforced as individual cantilevers anchored in the wall of the 
stair well or as simple beams between walls. Some examples of spiral or helical 
stairs cast monolithically or as pre-cast units also exist. 

966. Requirements as to Width, etc. — ^Actual counts made by reliable 
authorities show that with freely moving crowds going in one direction, an average 
of thirteen people per foot of width per minute will pass down a stairway. In 
general, an allowance of two minutes per floor is made for complete egress. Thus, 
by dividing the number of occupants per floor by twenty-six (2 X 13), the 
combined width of stairs necessary to furnish proper exit for that floor is given. 
Since the occupants from all floors would not pass a given point in the two minutes 
specified, it would seem justifiable to compute the necessary width of stairs 
based on the number of people on the two most densely occupied floors. 

The tnirtimiim clear width of stairs between handrails for warehouse buildings 
subjected to light traffic should be 3 ft. In office or factory where stairs are used 
considerably! e minimum width of 4 ft. should be used, and a width of 6 ft. 
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between handrails is recommended as best practice. It is generally assumed that 
a 3-f t. stair will accommodate two persons abreast, and a 4-ft. stair, three persons. 
In any case, no matter how few persons occupy a floor, two stairs should be 
used except for small buildings (those under 5,000 sq. ft. floor areas) in order 
that the distance to a stair be not too great. 

The following requirements as to width and other details of stairs of fireproof 
construction, taken from the Building Code recommended by the National Board 
of Fire Underwriters, are representative of good practice, and can be followed 
except in large cities where building codes exist which must be complied with 
if more stringent than these. 

Stairways used as required means of exit shall be at least 44 in. wide between faces of 
walls, or 40 in. wide between face of wall and an open balustrade, or between two open 
balustrades. All such widths shall bo clear of all obstructions except that handrails 
attached to walls may project not more than 3H in. within them. If newels project 
above tops of rails, a clear width of at least 44 in. shall be provided between the faces of the 
newel and the face of the wall or newel opposite. All stairs shall have walls or well-secured 
balustrades or guards on both sides, an<l except in dwellings, shall have handrails on both 
sides. A stairway 7 ft. or more in width shall be provided with a continuous intermediate 
handrail substantially supported. All stairs shall have treads and risers of uniform width 
and height throughout each flight; the ri.se shall bo not more than 7H in., and the tread, 
exclusive of the nosing, not less than 9M in. Stairways exceeding 12 in. in height shall have 
an intermediate landing at leiist 3 in. in length. 

All stairways that serve as required means of exit for one or more of the upper four 
stories of- every building shall be continued their full width to the roof and shall lead by a 
direct line of travel to the first story, and open directly on the street, or to an open-air or 
fireproof passage leading to the street, or to a yard or court connected with the street. Such 
fireproof passage shall be not less than 7 ft. in height. 



Fio. 91. — Diagram showing rise, run, tread, Fio. 92. — Stair with projecting nosing, 

etc. of stair. 

To make stairs safe for traffic under all conditions it is essential, also, that 
risers and treads be properly proportioned and bear a certain relation to each 
other and that where changes in direction are made they shall be effected by the 
use of landings and platforms instead of winders. 

The run of a stair is the horizontal distance from the face of one riser to 
the next (see Fig. 91). The horizontal portions are called the treads, and the 
faces of 6teps the risers. The tread should be distinguished from the run since 
the former is usually from to in. wider than the run because of the nosing 
which is usually added, either by sloping the riser forward or by projecting the 
tread as in Figs. 91 and 92. In concrete buildings the type of step shown in Kg, 
0) Ifused most because of the relative simplicity of the formwork. 
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Rules for proportioning of risers and treads which have become recognized 
as giving best results arc : 

(а) Tho sum of two risers and a tread should not bo less than 24 in. nor more than 25 in. 

(б) The product of the rise and run shall not be less than 70 nor more than 76. From 
these it will he seen that the width of run should be determined by the rise — that is, the less 
the rise, the greater should be the run, and vice versa. 

The relative proportions of rise to run should be the same throughout the 
entire run of stairs from one floor to another, for in walking up or down a stair 
a person instinctively makes the same step each time and if there is any change 
in the rise or run a mis-step is likely to occur which may prove very serious, 
especially in case of Are or panic . Statistics and records show that large percentage 
of the accidents on stairs are due to slipping or tripping on the treads, and it is 
therefore important that the steps be provided with nosings or treads which are 
not slippery or will not wear smooth and give a false feeling of security which 
may prove disastrous. 

96c. Designing Loads and Unit Stresses. — Concrete stairs for 
warehouses, shops, stores and factories, arc generally designed for a live load of 
100 lb. per horizontal sq. ft. of stairs and landings, although this is considerably 
more than ever comes on most stairs. In general the loads for which stairs must 
be designed are fixed by city ordinance, but if no ordinance governs, a live load of 
100 lb. per sq. ft. may be safely used for almost any concrete stair, except where 
subjected to additional loads carried up or down. Reliable experiments seem 
to indicate that a dense crowd of people may weigh as much as 140 to 150 lb. 
per sq. ft. on a level surface, but such a crowd could hardly be conceived as 
massed on a stairway, except perhaps in case of a panic, and then only for a 
short time, and the factor of safety is ample to care for the overload. In steel 
stairway construction this is not true, since the connections of strings are usually 
weak and any vibration caused by a rapidly moving crowd might be disastrous 
if the stairs were designed for a light live load. 

The National Board of Fire Underwriters recommends: 

All stairs, platforms, landings, balconies, and stair hallways shall bo of sufficient strength 
to sustain safely a live load of not less than 100 lb. per sq. ft. for interior construction, and 
150 lb. per sq. ft. for exterior construction, with a factor of safety of 4 in each case. 

For unit stresses to govern the design of stairs, the following are recommended: 

Compression in cross-bending on extreme fiber of 1 : 2: 4 concrete 700 lb. per sq. in. 

Tension in steel, medium grade 16,0001b. per sq. in. ; high carbon grade 18,000 lb. persq.in. 

Bond stress 80 lb. per sq. in. for plain bars and 100 lb. per sq. in. for approved deformed 
bars (not square twisted). 

96d. Methods of Moment Calculation. — ^The available literature 
on the action of forces on inclined bent beams is rather meager and in fact most 
works on mechanics and statics neglect the subject entirely. To obtain a 
correct idea of the action of stair slabs under load, a knowledge of the action of 
inclined and bent beams is necessary. 

Rankine in his treatise on Mechanics says: 

A doping beam (a Edmply supported beam is here referred to) is treated like a horUonti^ 
beam so far as the bending stress produced by that component of the load which is normal 
to the beam is concerned. The component of the load which acts along the beam is to be 
considered as producing a direct thrust along the beam, which is to be combined With the 
stress due to As bending moment of the load. ^ ' 
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In stair construction, however, the condition of slabs is usually that of a 
beam fixed at one end and approximately simply supported at the other, or a 
beam fixed (or partially so) at both ends. For beams of this character, uniformly 
loaded, Mcrriman demonstrates in Mechanics of Materials : 


Where the lower end of an inclined beam is supported and the upper end fixed, and the 
difference in levels is considerable (as in stairs), the reaction on the supported (lower) end is 
zero and the beam is a cantilever fixed at the upper end ; while for a fixed end beam the 
moments are negative at both ends, the beam being in the condition of a pair of constrained 
cantilevers uniformly loaded and having a concentrated load at the free end. The maxi- 
mum moment occurs at the upper end and its theoretical value is 


M = wl* 



where w = the uniform load per unit of length, I = the horizontal distance between sup- 
ports, and h « the vertical distance between supports. 


Since absolutely fixed ends may not always be obtained on account of construc- 
tion joints at top and bottom of flights, and since if stub bars are provided at 
such joints the condition of ends is that of partial fixity, it would seem logical 
and on the side of safety to use a moment of 


for both positive and negative moments, in which W is the combined total 
dead weight of the inclined slab and landings, if included in the span, and the 
total live load measured at 100 lb. per sq. ft. of horizontal projection, and I is 
the horizontal span between supports. 

96e. Slab Thickness and Reinforcement. — Using the basis of design 
recommended, the following table of slab thicknesses and reinforcement for 
various horizontal span distances between supports has been computed. These 
slab thicknesses will also apply to slab span, including horizontal landings as 
well as the inclined stair slab, such as the design shown in Fig. 93. 



Fig. 93. — Typical reinforced concrete stair detail at landing 


Table of Slab Thicknesses and Reinforcement for Stairs 


HOBTZONTAZi SpaN 

7 feet 0 inches 

8 feet 0 inches 

9 feet 0 inches 

10 feet 0 inches 

11 feet 0 inches 

12 feet 0 inches 

13 feet 0 inches 

14 feet 0 inches 


Slab Thicxnksh 

4J4 inches 
4% inches 
5H inches 
6 inches 
6H inches 
7J4 inches 
7Ji inches 
8H inches 


Main Reinfobcembnt 

inches sq. 5^ inches o.c. 
inches sq. 5 inches o.c. 
^ inches sq. 41^ inches o.c. 
^ inches sq. inches o.c. 
K inches sq. 6 inches o.c. 
H inches sq. 6K inches o.c.* 
K inches sq. 51^ inches o.c. 
H inches sq. 4^ inohes o.c. 



Sec. ff~95e] 


REINFORCED CONCRETE BUILDINGS 


347 


In addition to the main reinforcement as given in the table, which is the 
amount required to resist negative as well as positive moments, Jg-in. distributing 
and spacing bars should be placed above the main reinforcement, as shown in 
Fig. 94. The main bars should be of such lengths as adequately to reinforce 
all possible regions of tension. This means that the 
negative reinforcement should extend about one-fourth 
the distance between supports from each support, and 
where landings are included in the span, the negative 
reinforcement should be carried well into the inclined 
slab, since the stiffness of the landing slab connected to 
the two inclined flights may cause negative moments Fm. 94. 
in the flights for some distance out from the landings. 

With stairs of the type shown in Figs. 95 to 97, it is highly essential that the 
arrangement of reinforcement at points where horizontal and inclined slabs 
join be given very careful study. As indicated in the large scale detail of Fig. 93 
the bars at such junction points should be bent so that when tending to straighten 



— 'Stressos at stair 
landing. 



Fia. 95. — Two-flight stair. 

out under the influence of tensile stresses nearly the full thickness of slab will be 
available to resist such a tendency — ^in other words, the bending of bars in any 
particular plane of a slab should not be such as to follow directly along the tension 
face of both sides of the break in the slab, unless stirrups are placed around such 



Fig. 96. — Two-flight stair. 

bars at the critical section to anchor them back into the concrete. Some idea of 
the force to be resisted by such anchors can be obtained from the following formula: 

F = as - sin I 
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where 8 — stress in the bar, and 1 - the an^e made by the intersection of 
perpendiculars to the horizontal and inclined slab sections (see Fig. 94). 

The use of relatively small sized bars at fairly close spacing is to be recom- 
mended in stair construction, because they may be easily bent in place. Where 
the stairs are poured after the floors are completed, as is often the case, the 
reinforcement should be so arranged that relatively short stub bars can be placed 
in the floor at the time of pouring to lap with the main bars in bottom of slab 
and to provide negative reinforcement in top of inclined slabs. Construction 
joints should be indicated in Figs. 95 and 96. 





/4FMS'6^f\ 


Fio. 97. 


SECTiON A-A 

-7''hree-flight stair. 


95/. Examples of Factory and Warehouse Stairs. — The most common 
type of concrete stairs used in reinforced concrete factory, warehouse and mer- 
cantile buildings is the inclined slab type, wherein the slab supports the steps 
(with which they are integrally cast) and is reinforced longitudinally between 
the floors and landings which the flight connects. The simplest form is that of a 
single inclined slab or flight connecting two floors, where the story heights are 
relatively low. When the story heights are more than 9 or 10 ft. it is better 
practice to use at least two flights with an intermediate landing, as shown in 
Figs. 95 and 96, thus decreasing the slab spans and thickness required. The 
flights of this stair were designed as inclined slabs between the floors and the 
landing, which was reinforced as a slab between the concrete side walls to carry 
the reactions from flights and its own dead and live load. Similar stairs are 
often built with the landing slab supported on the brick enclosing walls of the stair 
well. The stairs sfiown in Fig. 96 were designed as inclined and bent slabs 
spanning from floor to the concrete wall at the back of the landing. Where 
heavy brick walls enclose the stair well, as is often the case, one of the walls may 
be used to support the back of the landing, instead of the concrete wall; or if 
the landiqgs are wide, they can be supported on transverse beams, one of which 
is designed to take the stair flight reactions in addition to the landing slab reaction. 
However, in modern concrete building construction, it is the usual and best 
practice to make the stairs self-supporting, avoiding the necessity of laying 
brick while concrete work is going on, or of building the stairs after the floors 
are finished. 
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The three-flight concrete stair shown in Fig. 97 was designed on the same basis 
as the stair shown in Fig. 96, the upper and lower flints and landings being 
designed as bent slabs, strong enough to take the reaction of the intermediate 
flight carried by them. The stair illustrated in Fig. 98 is the opposite form, the 
upper and lower flights being supported at one end by the slab forming the 
intermediate flight and landings. It will be noted that one end of this bent or 



Fio. 98. — Three-flight stair with hangers. 

** broken back” slab is supported by a concrete wall resting on the lower floor, 
while the other end is suspended from the floor above by rod hangers. Hangers 
can be often used advantageously in stair construction to support landings or 
ends of flights where concrete walls would be expensive on account of their 
height or where it is desired to omit the enclosing stair walls. The hanger rods 
should preferably be encased in concrete to protect them in case of fire, which 



might prove disastrous to the stair construction if they are left unprotected. 
The curb shown on one side of the upper flights is not a structural feature, being 
added as part of the architectural treatment and to prevent small articles acci- 
dently dropped on the stairs breaking the ^aiys in the steel sash and partitions 
enclosing them. 

A reinforced concrete stair of rather unusual construction is shown in Fig. 99. 
The six flights can be divided into an upper and lower group, designed in the 
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same manner as the three-flight stair shown in Fig. 97. Such construction is 
necessarily rather costly and is only justifiable where the story heights are great 
(19 ft. in this particular case) and the stair must be kept within a minimum 
amount of space. 

In warehouse buildings and structures of a similar character where the stairs 
are used but seldom and then by only a few persons, long single flights of stairs 
are permissible, and are often used. These can be built most economically by 
reinforcing the slab carrying the risers, transversely between inclined concrete 
beams spanning from floor to floor. Such slabs can be made relatively thin 
(3 or 4 in. for stairs 3 to 5 ft. wide) since when the risers are cast integral with the 
slab, each step can be considered to form a trapezoidal beam, the effective depth 
of which is considerably more than that of the slab considered alone. 

96. Framed Towers. — In large buildings good practice requires the use of 
water tanks above the roof to insure water supply for house purposes and fire 
protection. The tendency during the past few years has been to house these 
tanks in a tower which may or may not be treated as an architectural feature. 
Usually such towers consist only of one panel of the building carried up to the 
desired height. 

In addition to designing the columns, girders, beams and slabs composing 
the tower for the direct loads coming upon them, the wind load stresses under 
different conditions must be investigated and combined with the direct load 
stresses. 

Since the tower usually occupies a relatively small portion of the building area, 
the tower can be considered as a separate structure, with its columns fixed at the 
roof line if the reinforcement is continuous at the connection. Due to this rigid 
connection, the tendency of the wind pressure to overturn the tower as a unit is 
overcome and the other tendency of wind pressure — namely, to collapse the 
tower — must be taken care of in the design of the individual members. The 
towet should, however, be carefully investigated as to overturning with tank 
empty and sufficient anchorage provided to prevent it. 

Inasmuch as towers are usually exposed to the full effects of the wind, it is 
advisable to use a wind pressure of at least 30 lb. per sq. ft. of vertical surface in 
the design of the members. As to unit stresses for members under combined wind 
and gravity loads it is well-established practice to allow a 50 per cent increase in 
unit stresses for wind alone or combined with gravity stresses; the section of the 
member however, must not be less than required for the gravity loads. 

The architectural design of a tower, if enclosed with brick walls, usually 
precludes the use of a diagonal bracing in a vertical plane and hence the resistance 
to collapse under wind pressure must be gained by the use of rectangular or 
portal framing instead of triangular framing. In resisting the horizontal force 
of wind, a rectangular frame tends to distort and hence develop shearing and 
bending stresses. These must be ascertained and combined algebraically with 
the gravity stresses and the members designed accordingly, but in no case should 
the members be decreased in strength below that required by the gravity loads. 

In Fig. 100 assume hinges at the points of contraflexure of the members as 
indicated by the moment diagram, Fig. 101. For a four-column tower the wind 
load W acting on one bent of two columns will be one-half of the total wind load 
on the exposed surface. The bending moments due to this load at a, b, c and d 
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in the vertical members and at a and b in the horizontal members will all be 
equal and have a value of Besides these bending stresses a direct 

compressive stress of will develop in a6, and a compressive stress V = 

yi W Y in member bd, and a tensile stress of the same amount in member ac, A 

Jj 


shear of H ^ ^lust be resisted at the base of each vertical member. 

If the tower is more than one story high, each story can be investigated for 
wind stresses in the manner just described. 

In detailing the reinforced concrete members, substantial fillets at beam con- 
nections with columns should be used and reinforcing bars placed in these fillets 



to tie the members rigidly together. 
Since the beams under wind load act 
as compression struts, the top and 
bottom beam reinforcement should 
be tied together as in rodded col- 
uinns by the use of closed loop 
stirrups. 



Fio. 100. — Illustrating wind load and reactions on Fio. 101. — Bending moments in 
a stiff bent. framed bent. 


The layout of beams for the tank floor will, of course, depend upon the spacing 
of tower columns in each direction and the size of tank. Generally speaking, 
however, the tower will be approximately square and the tank of such size as to 
cover the major area of the tower floor (see Fig. lOlo). Under such conditions, 
the greatest economy will result in using two floor beams in each direction, 
framing into the girders at the third-points. If these floor beams are all of the 
same section and same span, each will carry one-fourth of the tank load regardless 
of the intersection of beams at the third-points of the panel. The floor beams 
can be designed as T-beams while the girders should be designed as rectangular 
beams. 

97. Elevator Pits and Elevator Machinery Supports. 

97a. Elevator Fits. — ^The fundamental considerations in the design 
of elevator pits are: (1) Depth of pit, sufficient to provide for buffer installation 
and for travel of doors; (2) waterproofing and drainage; and (3) reinforcement of 
pit walls to prevent cracks and resultant seepage. 

Depth of Pit . — For the type of elevators generally used in factories and ware; 
houses of reinforced concrete, the depth of pit required below the lowest floor 
served, is governed not so much by the buffer requirements, as by the type of door 
used. Ordinarily a depth of 3H ft. is sufficient for the proper instillation of 
buffers, but if the Meeker type or Peelle counterbalanced doors are used at open- 
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5 ft. The elevator contractor and the door manufacturer should, of course, be 
consulted before designing pits for special elevators or those involving the use of 
unusual types of doors. 

Waterproofing and Drainage of Pits , — Since in most factories and warehouses 
the elevators run to the basement, the bottom of the pits will be below the sewer 
and drain lines. This means that special attention must be given to waterproofing, 
or ejectors provided to pump out the seepage collecting in the pits. If the pit 
is to be made waterproof, all column or wall footings adjoining the elevator 
shaft must be carried down so that the portions under the pit are at least 6 in. 
and preferably 1 ft. below the finished floor line of the pit. This will allow the 
construction of the pit floor as a monolithic slab with reinforcement extending 
both the length and width of the pit, and bent up into the side walls near the 
outer face to act as cantilever reinforcement. A key should be formed in the 
top of the slab directly under the walls, and the walls poured as soon after the 
base as possible so as to obtain a watertight joint. A rich and very dense concrete 
(with an integral waterproofing compound or hydrate of lime added if the work 
is to resist any considerable head of water) should be used in elevator pit con- 
struction, and the concrete should be very thoroughly tamped and spaded to 
insure slabs free from voids and stone pockets. To aid in preventing the 
formation of shrinkage cracks in the top of walls, at least two in. diameter 
bars should be placed near the top, bent to lap at the corners with bars in walls 
at right angles. 

Reinforcement of Pit Walls . — ^Except for the smallest size pits, it is poor 
economy to use less than 8- to 12-in. walls and floors owing to the difficulty of 
waterproofing thinner slabs. The sidewalls of the pit are supported at the 
bottom by the pit floor and at the ends by the walls at right angles. This 
means that they can be reinforced as cantilever walls to resist the earth pressure, 
or, when the pits are very deep, the top portion of the side wall for a width of a 
foot or so can be reinforced as a beam between the walls at right angles to it and 
the slab between this and the pit floor reinforced as a vertical slab, or the wall 
may be considered as a restrained slab between end walls. The bottom of the 
pit should be reinforced between side walls as a two-way slab resisting the upward 
pressure of water (if the pit is under hydrostatic pressure) and the bars can be 
bent up into the side walls to act either as cantilever reinforcement or as vertical 
slab reinforcement on the inside of slab between bottom and the assumed beam 
at the top. In deep pits the corners should be tied together by short bars bent 
at right angles and placed at intervals in height of walls near outer face to act 
as negative moment reinforcement. 

Sometimes the tops of side walls arc anchored to the adjacent floor slab in 
lieu of reinforcing the top portion as a beam, but this action is rather uncertain 
and any settlement of floor or pit will cause unsightly cracks in the floor. The 
best practice seems to indicate that the pit walls should be built up to the level 
of the top of the floor slab and the latter separated from the pit walls by an 
expansion joint filled with asphaltic cement, thus allowing the floor to be placed 
at any convenient time after the pit is completed. 

97b. Elevator Machinery Supports.— The machmes for operating 
elevators m generally placed on supports spanning the shaft at some distance 
(usually 3 to 4 ft.) above the roof line of the building. In the great majority bf 
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cases structural beams are used as supports for the elevator machine and a plank 
floor laid on them to furnish a platform for workmen inspecting or repairing the 
machinery. Sometimes the plank floor is omitted and a protective screen of 
wire mesh placed below the beams. 

In fireproof buildings of reinforced concrete it would seem more logical to 
construct the elevator machinery floors of a fire-resisting material such as con- 
crete, or structural steel encased in concrete, and thus avoid the danger of the 
elevator machines being dropped into the basement by a small fire starting in or 
about the pent-house while the remainder of the structure might be unharmed. 

Just which type of floor will prove the most economical for any given case 
depends ui)on the size, speed and capacity of elevator, the arrangement of the 
machinery and time of placing the floor with respect to the completion of the 
remainder of the building. 
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Fio. 102.- -Concrete elevator iiiacJiiiicry floor 
built as part of main roof. 
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Fio. 103. — Elevator machinery floor of 
concrete supported on steel beams. 


Rewforced Concrete Supporla . — For comparatively small elevators in build- 
ings with high story heights which wdll allow placing the elevator machinery 
floor at the same level as the roof, reinforced concrete may be used to good advan- 
tage, unless the arrangement of holes in the floor is such as to make the main 
support members very narrow and deej). An elevator machinery floor of this 
type is shown in Fig. 102. The roof construction is of the flat slab type (two 
way reinforced) with the portion of the slab supporting the elevator machinery 
and the pent-house walls deepened sufficiently to make up the resisting moment 
required to support the additional loads imposed. The slab being built as a 
monolithic portion of the main roof, considerable advantage is gained due to 
continuous beam action, which is not the case when the machinery floor is raised 
some distance above the roof, which makes all beams and slabs simply supported. 

Steel and Concrete Supports . — For complicated machinery layouts requiring 
skewed setting of beams similar to that shown in Fig. 103, reinforced concrete 
is not economically adapted since the loads are usually concentrated at points 
where the floor is pierced with various openings, making impossible the economi- 
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cal design of concrete beams to carry the loads. The larger the elevator and 
the higher the speed at which it operates, the greater are the loads (and hence 
impact) to be carried by the machinery floor and also the difficulties attendant 
with the design of concrete beam and slab floors. Where there is only a width 
of a few inches between openings with heavy concentrations on the slab nearby, 
structural steel beams present practically the only satisfactory solution of the 
problem of design of main supports of the elevator machine, for very narrow 
and deep concrete beams are impractical, and they also materially cut down 
the head room or necessitate a raise in the level of the floor if used. (The depth 
of floor construction shown in Fig. 104, a concrete floor, should be compared 
with that in Fig. 105). Then, also, if elevator service is desired as soon as pos- 
sible aft()r the floors of the building have been completed, the machines should 
rest on supports which can be placed and used immediately. Concrete beams 
must euro and harden for a few weeks before being subjected to suddenly applied 

loads producing much impact, and, 
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Fio. 104. — Elevator machinery floor of rein- Fio. 105. — Section of elevator ma^ 
forced concrete. chinery floor of concrete on steel beams 

encased in concrete. 


Structural steel beams can be quickly set in place, the elevator machine 
blocked up on them, and the reinforced concrete floor slab and the encasement 
of the beams poured at any time thereafter in forms suspended directly from 
the steel beams without other support, except for very long spans between beams. 
Herein lies one point of economy over the floor with reinforced concrete beams, 
which when poured must be supported from below by costly centering and 
formwork spanning the elevator shaft. Of course this economy will not always 
be apparent in the bids on a large job, for this item is a very small percentage of 
the total cost of the building. Nevertheless, the writer has found by careful 
comparative estimates made on machinery floors with layouts of machines and 
openings giving the reinforced concrete floor its most favorable arrangement, that 
a concrete floor on structural steel I-beams or channels costs the same or even 
less, to say nothing of the advantages gained in speed of erection, saving in head- 
room in the elevator shaft and ease of erecting the elevator machinery on steel 
beams before placing the floor as compared with placing it afterward as is the 
ease where reiMorced concrete supports and floors are used. 
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Design of Elevator Machinery Floors , — typical elevator machinery floor 
detail is shown in Fig. 105. The main supporting beams consist of pairs of 
channels set back to back with space enough between to allow placing^the anchor 
bolts for the machine with washers on the underside. This allows very accurate 
setting and leveling of the machine and a more convenient layout of openings 
in the floor for cables, counterweight guides, etc. because of the relatively small 
width taken up by the structural beams as compared with those of concrete. 
The concrete slab should be reinforced transversely between the supporting beams 
and the side walls on a corbel or better still a 6- or 8-in. bearing on the pent- 
house walls. On account of the heavy concentrations and the fact that the slab 
will tend to act as a continuous beam over the steel beams, it is essential that 

reinforcing bars as required by moment should be placed in the 

top of the slab at such points. The slabs should not be designed to carry the 
elevator machinery, the load from which goes directly to the steel beams on 
account of their location directly under the same, but a live load of from 150 to 
200 lb. per sq. ft. of surrounding floor, depending upon the weight of machine 
parts which may be handled thereon. Owing to the fact that the loading may 
be non-uniform and concentrated, it is well to provide reinforcement in the 

WL 

bottom of the slab to resist a moment, M = For this same reason the slab 

should be made somewhat thicker than actually required for the most economi- 
cal percentage of steel. It should be remembered that in special structures 
of this type it does not pay to save a few pounds of steel or cubic feet of concrete 
by making assumptions which do not provide for unusual, but plausible con- 
ditions of loading. At least 0.3 per cent of the distributing steel should be 
placed in the bottom of the slab parallel to the beams. 

The steel beams should be designed to carry the loads indicated on the elevator 
manufacturer’s layout, doubled to provide for impact, and the proper proportion 
of the dead and live load of slab, with bearing plates at ends to distribute the 
load over a portion of the pent-house walls. Before encasing the beams they 
should be wrapped with a wire mesh or netting to give a bond for the fireproofing. 
The top of the beams if placed at a level 1 in. above the bottom of the floor slab, 
furnish a support for the lower slab bars, and insure the proper location of steel 
in the slab. 

98. Ramps. — ^The great increase in the use of automobiles and automobile 
trucks during the past few years has resulted in the construction of numerous 
multi-storied garages of reinforced concrete. In such buildings, housing a large 
number of cars, the use of elevators alone to take up and bring down cars is 
not economical or rapid ; hence, various forms of ramps, or inclined slabs have been 
designed upon which the cars can be driven from floor to floor. 

In designing a building with ramps it is very important that they be so located 
as to give a uniform layout for each floor and that they be as straight as possible, 
thus occupying the minimum amount of space. This requires that the ramp 
system be located as a flight of stairs and using the aisles to connect the ramp 
ends. Typical layouts for ramps in a building 100 ft. square and 100 by 150 ft. 
are shown in Figs. 106 and 107 respectively.^ 

1 From an article in the Archtfceeufol Fomm, Nor.. 1921, by Harold F. BlanohavdU ' 
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These plans show that while a straight ramp cannot be laid out in a building 
100 ft. long, a length of 150 ft. will allow such a design. 

The steeper the ramp, the less will be the space occupied, but since a 20 
per cent grade is about as steep as the average car will ascend in second speed, the 
grade should be something less than that, but not necessarily less than 15 per cent. 

Actual experience shows that for garages housing up to 250 to 300 cars, 
single-track ramps are sufficient — ^that is, the same ramp is used for both up 
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Fig. 106. — Floor plan garage 100 ft. .square Fio. 107. — Floor plan garage 100 ft. by 
with curved ramps. Capacity 46 cars. 150 ft. with straight ramp. 


and down traffic. The ramp proper should be from 8 to 9 ft. wide with the out- 
side curb 12 in. wide and the inner curb 9 in. wide and 9 in. high. The ramp 
should be designed on the same basis as a stair slab, or if advantage is taken of 
the curb construction these can be designed as inclined beams supporting the 
ramp slab. 

The economy of operation in ramp garages doubtless has been the cause 
for the patenting of several special ramp designs. In one of these the entire 
floor of the garage slopes, being helical in form, with 
modifications to fit a square building. This design is 
very economical of space but the sloping floor is a 
disadvantage both from the construction and operating 
standpoint. If the floor is of the fiat slab type, how- 
ever, the disadvantage from the construction stand- 
point is minimized. Such floors are best designed as 
ordinary flab slab construction, making due allowance 
for the side thrust on the columns due to the pitch of 
the spiralled floor. The greater the pitch of the floor, 
the greater will be the component of the load which 
produces a direct thrust along the slab. 

Another patented type of ramp design has the 
building divided into two parts, the floors in one part 
being offset one-half the story height from those in the 
other half. The floors in the two sections are connected by the ramps near the 
ends of the building, each rising one-half a story height at a time (see Fig. 108). 
This type of ramp takes up little more space than would be occupied by one 



Fig. 108. — Floor plan 
garage 100 ft. square with 
patent ramp design and 
staggered floors. Capacity 
52 cars. 
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elevator. These ramps have the advantage of being open, and for fire protection 
automatic fire doors can be placed at the ramp opening in the dividing wall. 

99. Expansion and Contraction in Buildings. — Although the influence of 
temperature changes on the expansion and contraction of concrete may be 
considered a secondary one, it is easy to see that in some cases these changes 
combined with the effects of the hardening of the concrete mass may produce 
stresses greatly in excess of those produced by hardening alone. The Boonton 
Dam experiments and others show conclusively that heat is generated in large 
masses of concrete due to the chemical action taking place when the concrete 
hardens. Now when this chemical action ceases and the heat dissipates, 
additional contraction due to fall in temperature will result, besides that which 
takes place during the hardening process of concrete cured in air. In mass 
concrete poured in the late fall there is the combination of contraction due to 
fall of temperature of the concrete mass, to fall of atmospheric temperature and 
that contraction which takes place wh(»n concrete hardens in air regardless of 
temperature changes. For example, let us suppose that the drop in temperature 
of the concrete mass for a period of six months due to atmospheric change and 
the dissipation of the heat generated by the chemical action is 100 deg. F. ; then 
the contraction due to the atmospheric change would amount to 0.00055 in. 
per inch^ of length and that due to the drying out of the mass to 0.00068 in.‘ or a 
total of 0.00123 in. per inch of length. If the concrete structure was 50 ft. 
long, the total contraction would amount to nearly H in. and if rigidly held at 
the ends this contraction would manifest itself in one or more cracks in the 
concrete. 

With the above information at hand it can be said that in most cases it is 
contraction joints and not expansion joints that must be provided in long con- 
crete structures in order not to have unsightly ragged cracks formed. This, 
however, docs not hold good for a wall with recesses, sharp bends or angles. In 
such cases the expansion due to increase of pressure is sure to rupture the wall 
at an angle due to the fact that the expansive forces rre acting against each other. 
Numerous cracks at the corners of concrete reservoir walls and at points in con- 
crete retaining walls in track elevation w'ork, where walls have been built at 
the same time as abutments with which they connect at right angles, are 
examples of this disruptive force. 

Shrinkage cracks arc sure to manifest themselves at points where large masses 
or thick walls join relatively smaller or thin walls unless provision is made 
in design to care for the shrinkage stn»sses. This can be accomplished in a way 
by the use of fillets, thereby reducing gradually from the larger dimensions to 
the smaller. Shrin. age cracks arc very likely to occur at points where new 
concrete is joined to that which has already set and for this reason it is desirable 
to have construction points made on horizontal or vertical lines if for no other 
reason than for the sake of appearance. 

In straight walls contraction joints properly placed will care for all expansion 
which takes place after hardening, due to moisture or rise of temperature. These 
joints which only need to be a fraction of an inch in thickness so as to insure 
free movement between the two portions, should be placed so that when the 
walls contract, the shortening will take place at the joints and not at intermediate 

‘ Figures derived from tests by the Office of Fublio Hoads. 
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points. That is to say, they shall be so placed as not to allow fixed end condi- 
tions to arise due to friction between the wall and fill and due to weight of wall 
which if present would be sure to cause contraction cracks between contraction 
joints. The desired result can usually be accomplished with joints every 25 to 
40 ft. The joints should be so arranged and constructed as to prevent them 
from being filled with earth, gravel, etc. which would not allow proper expansion 
and result in excessive compressive stresses being set up in concrete. 

In reinforced concrete walls contraction joints can be placed farther apart, 
for if properly reinforced, the steel tends to distribute the contraction stresses 
and to make the cracks very small, in fact practically invisible, but never entirely 
eliminating them. 

Assuming that reinforced concrete will shrink the same as plain concrete, 
and that the value of 0.0003 in. per in. obtained for a reinforced concrete 
specimen mentioned in the tests cited above indicates the net contraction and 
that there is a high comi)ression in the steel which tends to resist the shrinkage, 
by using the value of 0.00068 as the unit of shrinkage we can obtain the stresses 
in steel and concrete. 

The net contraction as measured by the concrete will be C = (/c — Ee) 
where C = the coefficient of contraction of plain concrete, fc = unit tensile 
stress in concrete and Ee = the modulus of elasticity of concrete. The contrac- 
tion as measured by the steel will be /, — E», where f, = the compressive stress 
in steel and = the modulus of elasticity of steel. These two values must 
needs be equal and for equilibrium fe = pf, where p == the steel ratio. 

The value of fc can be found as follows: 




np 


Now if C = 0.00068, Ec = 2,000,000, n = 15 and p = 1 per cent,/® == 177 lb. 
per sq. in. tension and /. = 17,700 lb. per sq. in. compression. The actual 
stresses are probably not as large as indicated by the formulas because of a 
probable adjustment in the concrete developing. 

The figures, nevertheless, indicate that stresses due to shrinkage of concrete 
are very important and in many cases should be taken into account in designing 
structures in order to prevent cracks or failures. Then also the repetition of 
the stresses caused by alternate expansion and contraction may subject concrete 
to a fatigue which will ultimately cause failure. 

The changes in length in concrete buildings due to changes in temperature 
are relatively small as compared with those taking place in bridges, walls and 
other exposed structures. This, it is at once apparent, is due to the fact that 
the inside temperature of a building is fairly uniform and nullifies to a large 
extent the effects of changes in outside temperature except of course, for the roof. 
The amount of reinforcement required in a concrete roof to carry the relatively 
light roof load is comparatively small, because the roof slab thickness is usually 
fixed by ordinance, as for example, a minimum of 6 in. for flat slab construction 
which is greater than required for the most economical percentage of reinforce- 
ment. This means that the reinforcement necessary to carry properly the 
applied load may not be sufficient to care for temperature stresses developed. 
For large exposed roofs and parapet walls the usually accepted 0.3 of 1 per cent 
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reinforcing is not suflicient and a minimum of 0.5 of 1 per cent of reinforcing steel 
is therefore recommended. 

At the present time there is no uniform practice as to the provision of expan- 
sion and contraction joints in reinforced concrete buildings. Cases can be found 
where buildings 400 ft. long and over without expansion and contraction joints 
show no ill elT(‘cts from the force of expansion and contraction exerted upon 
them, while other buildings of considerably less length can be found which show 
clearly evidences of damage due to these forces. Undoubtedly the former 
structures have resisted the stress set up by expansion and contraction mainly 



Shdtnff fi/erte 



n 


y2^ 



floor 


6'rder 

'fj> 

■r 

inside Cof 


^ « •• 

□ 



Center ‘Une^ 
of Bui/dtny 


Foo-f 


Fia. lOf).- Typical expansion and eontraetion joints in concrete builoiiig. 


because the method of reinforcing the floors was given proper consideration. 

While no definite rules can be given to suit all cases siiicc^ the height and 
location of the building are factors which must also be considered, in general it 
will be found good practice to place expansion and contraction joints in buildings 
over 3 stories high and over 300 ft. long. For example, buildings of 400 to 600 ft. 
long should be divided into two sections; buildings GOO to 800 ft. long into three 
sections by joints, and so on. 

It is essential that these joints separate the sections of the building entirely 
BO that the different units will be free to move independently of one another. 




Fro. 110. — ^Longitudinal section of long building .showing expansion and contraction panel. 


This is usually accomplished by constructing two independent sets of columns 
and beams at the expansion and contraction joint separated by a space of 1 in. 
or more (Fig. 109). The columns usually rest upon the same footing since the 
movement of the building is practically nil below ground, except possibly in the 
case of one- or two-stoiy structures. 

I'o prevent weather and dirt from entering the space between outside columns 
and the roof sections a metal diaphragm of a ” shape made of copper or sheet 
lead should be inserted in the beams and columns adjacent to the opening. 
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Such a diaphragm will allow free movement of the different units and still keep 
the space closed tightly. 

On the interior of the building it is essential to the proper working of the 
joints that dirt be prevented from filling them and that the space between columns 
be closed from the standpoint of fire protection. The floor joint can be readily 
taken care of by sliding plates anchored to one of the slabs. The joint between 
columns can best be closed by sheet metal strips anchored to one column and 
slightly bent so as to spring tightly against the side of the other. 

A more logical type of expansion and contraction joint especially adapted 
to flat slab buildings is shown in the accompanying detail (Fig. 110). Instead 
of using two separate lines of columns placed close together at the joint, the bay 
in which the expansion and contraction joint is placed is made of lesser width 
than the typical, that is, from 12 to 14 ft. depending on the width of the typical 
panels and has a joint down the middle so that the slab on cither side cantilevers 
over from the row of columns adjacent. Such a joint has the advantage of mak- 
ing the design of floor panel in adjacent ba}'s the same as for a typical panel owing 
to the continuous effect obtained by the cantilevered overhang. The joint 
should be so constructed as to allow free movement of the slabs and prevent dirt 
from entering. Further advantages arc: The shape of columns can be readily 
made the same throughout; and the bending stresses in columns alongside 
the joint can be made independent of each other. 



SECTION 6 


RETAINING WALL DESIGN 

By C. a. Willson 


1. Retaining Walls in General. — Retaining walls are walls designed to with- 
stand the lateral pressure of earth or similar material. They may be constructed 
of plain masonry such as brick, stone, or concrete, or they may be constructed 
of reinforced concrete. In a plain masonry wall, the weight of the wall itself 
must be sufficient to prevent overturning. A reinforced concrete wall is pro- 
portioned so that the weight of a part of the material retained may be utilized 
in stabilizing the wall. Due to the fact that a plain masonry wall depends upon 
its weight for stability, the term gravity is frequently used to denote this type 
of wall. 

The pressure which a given material exerts upon a wall is dependent upon the 
character of the material, its compactness, cohesion, moisture content, coeffi- 
cient of internal friction, and the coefficient of friction between the material and 
the wall. Seldom, if ever, are all of these factors known in a practical problem. 
Because of the lack of adequate experimental data it would be extremely difficult 
to determine the pressure in a given case even if these factors were known. 

However, the accumulated experiences of a large number of engineers extended 
over a period of years have shown that walls analyzed according to certain 
theories produce; satisfactory results. Therefore this section will be restricted 
to the use of the two theories most commonly used in practice. Emphasis 
will be placed upon the methods of design and their application to practical 
problems. 

2. Rankine’s Theory and the Equivalent Fluid Pressure Theory. — Most 
retaining walls of both the gravity and the reinforced concrete types are designed 
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according to either Rankine's theory or the equivalent 
fluid pressure theory. From the standpoint of design, the 
chief difference between the two theories lies in the fact 
that the effect of a sloping earth fill back of the wall may be 
determined by Rankine’s theory whereas in the equivalent 
fluid pressure theory this difference is not usually taken into 
account, although it has been considered in this discussion 
as brought out later. 


Since a straight-line variation in pressure is assumed in both theories, it is 


possible to reduce the pressure formula for a known set of conditions given by 
either theory to the following form: 


P = (See Fig. 1) 
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in which P = total earth pressure in pounds. 

w = weight of material retained in pounds per cubic foot. 
h = height of wall in feet. 

^ cos d — a/ cos* S — cos* d> ^ -r. i • » ai i 

cos d y ^for Rankinc s theory.* 

cos 5 + V cos* 8 — cos* <l> 

8 = angle which surface of earth makes with horizontal. 

0 = angle of internal friction of earth fill. 

Since the earth thrust P is assumed to act parallel to the surface of the earth 
fill for all positive values of 8 according to Rankine^s theory, the horizontal 
component of the earth thrust Pn is 

Pn = C cos 8 (1) 



Fig. 2. 

In determining the stability of a retaining wall the vertical component of the 
earth thrust Pv is usually neglected because the analysis is simplified thereby, 
while the results differ from those given by more refined methods by relatively 
small amounts on the side of safety. The variation of C cos 8 with 8 and 4> is 
shown in Fig. 2. 

In the equivalent fluid pressure theory C = 1, so that 



in which w' » weight of equivalent fluid in pounds per cubic foot, 
t For deralopiaoiit, see Ketohum’s ''Walls, Bins, and Grain Elevators." 
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3. Stability of a Retaining Wall. — A gravity wall must be heavy enough 
and of sufficient proportions to be able to safely withstand the tendency to 
slide and the tendency to overturn. Experience has shown that, in general, 
when a gravity wall will safely withstand the tendency to overturn, it will 
also safely withstand the tendency to slide. 

4. Foundation Pressures. — In order that a wall may be safe against over- 
turning the resultant of the earth pressure and the weight of the wall and that 

part of the earth above the base of the wall must not only 
fall within the base, but the safe bearing pressure of the material 
beneath the wall must not be exceeded. Furthermore, since 
there can be no tension between the base of the wall and its 
foundation, the resistance to overturning must be provided 
wholly by compressive forces. 

From an inspection of Fig. 3 it is evident that the distri- 
bution of pressure on the base of a retaining wall is similar to 
the distribution of fiber stress on a structural member subjected 
to bending and compression. The extreme fiber stresses in this 
latter case arc given by the formulas 
Me 



f = \ + 


and 




Me 

i 


In Fig. 3, / and/' are n'plact'd by p and p' respectively, P — Rv = A = h 

h c f) 

for a section 1 ft. long, M = Rye = IFc, c ~ and / = or 


12 




Then 


or 


and 


_ IF 6ire 

“ /.' ' 'X2 


IF/i , CcA 
+ b) 

, W /, i]e\ 

p = bV - b) 


(3) 


€ b 

If no tension is to exist at point B, the heel of the wall, ^ must not exceed 

Hence the familiar rule that the resultant should not fall outside the middle 
third of the base. 


DESIGN OF GRAVITY RETAINING WALLS 

5. Proportions of Wall. 

6a. Level Fill. — ^According to the discussion given in the preceding 
article the resultant of the earth pressure and the weight of the wall and earth 
should cut the edge of the middle third of the base or should fall within the 
middle third. If the resultant cuts the edge of the middle third and passes 
through point A of the wall shown in Fig. 4, then the algebraic sum of the 
.moments about A must equal zero, or 

, Wa = PffZ 


(4) 
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In this equation W is the total weight of the wall and earth whose length is one 
foot and whose cross-section is BODE. The term Wa may be found readily 
by noting that 

Wa = F (* + a) - f| 

The term F^.^ + a) equals the summation of moments of the various elements 

of the wall and earth section about the toe, point B. Assuming that concrete 
weighs 150 lb. per cu. ft. and that earth weighs 100 lb. per cu. ft. 

F (5 + a) - - 50 (» - 0 - iso!'* (») 

-,<-<) i / 1 , 




(I + »)-"' S - (o - ¥ + S + 1- «’) 

.2555.[.-J.|(o-') + »0-|:)] 

= Wa = Pnz = C cos 5 ( 2 ) 

With 5 = 0 and w = 100 lb. per cu. ft. 

c‘“*’-25».[l-‘-|(o-*) + "(l-^)] 






Then "= 0.816 (?a/C (5) 

The variation of the value of G with different values of ^ and ^ is shown in 
Fig. 5. Although ^ does not appear in the formula for G, it is evident from Fig. 4 

value of C must be determined. This factor depends upon 8 and Twd 
commonly used values of 0 are 33° 42^ and 45° 00^ These angles correspond to 
slopes of 1)^:1 and 1:1 respectively. These values of the angle of internal 
friction are not necessarily the best ones, but they are values which are quite 
commonly assumed and they may be used here for the purporo of illustration. 
With a - (T 00' and ^ » 33" 42', C - 0.288 and 0.816\/C - 0.44. With 



In order to show the variation of ^ witli|and g the 
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Fig. 5. 

0 = 45® 00' are equal to those given by the equivalent fluid pressure theory 
using a fluid weighing 17.2 lb. per cu. ft. 

From the above discussion or from eq. (5) it is evident that^ is directly pro- 
portional to yjc. If Rankine’s theory is used values of C may be taken from 
Fig. 2. When C is determined, the variation of ^ with | and ^ may be found 
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by multiplying values of G taken from Fig. 5 by 0.816\/ (7. It should be borne 
in mind that Fig. 5 can be used only in the case of a level back-fill. If 
the equivalent fluid pressure theory is used C equals the weight of the fluid 
divided by 100, since the weight of earth has been assumed to bo 100 lb. per cu. ft. 
Then 

^ ( 6 ) 


Formulas will now bo developed for the cases in which the earth fill slopes 
upward from the top of the wall. Since cases in which earth slopes downward 
from the top of the wall arc of rather infrequent occurrence and are not of a 
great deal of practical importance, these cases will not be 
considered here. 

6ft. Sloping Fill. — Two common values of (^arth 
slope will be considered: Namely, IJ^j : 1 and 1:1. The y 
conditions for the first case are shown in Fig. 0. If tlie i 
resultant cuts the base at the edge of the middle third and /> 
passes through point A of the wall shown in Fig. 6, then tlic ! 
algebraic sum of the moments about A must equal zero as ^ 
in Fig. 4, or Wa = Pjjz. However, the value of W in Fig. 

6 is greater than that in Fig. 4 by a weight of earth whose 
cross-section is DMN, Also Puz in Fig. 6 is proportional 
to the cube of the height EN while in Fig. 4 it is proportional to the cube of 
the height ED, 

Since the cross-section shown in Fig. 0 differs from that shown in Fig. 4 by the 
area DMN it is necessary to find the value of IF + a ) — IF ^ for that area 
only and modify the value of G given in the pn'ceding article accordingly. 




- iKg = 




100 


X" ft 
8 8 


-““■[sS (2-^)3 

The values of this quantity and ^ depend upon each other and therefore one 
cannot be determined accurately without the other b(ung known. However, since 
the value of usually ranges from 0.3 to 0.7 in any practical design, it seems 

reasonable to substitute a value of 0.5 for in this last equation. Then 

2 ( x\ 

Evidently a factor g must be incorporated in the formula for G, 

Let this value of G, modified to fit the case of a IJi : 1 earth slope be denoted by 
Gi. Then 
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2 / a;\ . 

When the earth slope is 1 : 1 , the factor * p ^2 — is increased by 50 per cent 

1 a;2 / 

and is equal to . Let the value of (r, modified to fit the case of a 1 : 1 


earth slope be denoted by fro. Then 




It was found that the values of Gi and for all values of ^ would lie within the 

area bounded by the solid curves shown in Fig. 7. Therefore it was thought 
advisable to use average values shown by the dotted curve and denoted G' since the 
final results would be practically the same and since the work which follows would 
be greatly simplified thereby. 

If 


A 

w 


Then Wa = 25hb^g^ = Puz = C cos 5 - ( 3 )» which hi = vertical dis- 

tance from heel of wall to sloping surface of fill. If ii? = 100 lb. per cu. ft. 

_ 2 C cos 5 hi 
hP “ 3 “ g~h 


U “ \3 ~g' h 


When the slope of the earth surface is IH *lf 




When the slope of the earth surface is 1 : 1 

J = O-SieV^cosl G'(l + (8) 

The value of y/C cos d may be determined from Fig. 2. With known or 
assumed values of two of the variables and the third may be found, since 
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the sum of the three is unity. Then with these factors known, ^ must be 

determined by assuming various values and testing them by eqs. (7) or (8) until 
the true value is found. 

In order to illustrate the method assume that 5 = 6 = 33® 42', | ® 



0.2, and | = 0.1. From Fig. 2, V C cos 5 = 0.833, and from Fig. 7, O' = 0.038. 
Assume that ^ =» 0.665. Then 

j ■= 0.816(0.833)(0.938)[l + |(0.1)(0.666)]^ =- 0.677 
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Since the assumed value was too small, try = 0.68. Then 

I' = 0.S16(0.8.13)(0.938)[l + ^ (0.1)(0.68)]^^ = 0.68 
This is the true value. 
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In this feamc manner the variation of ^ with ^ and ^ was determined for three 

different cases, as follows: <t> = 33® 42', 8 = 33® 42'; 4> = 45® 00', 8 =* 33® 42'; 
and 0 = 46® 00', 8 = 45® 00'. The results are shown in Figs. 8, 9 and 10, respec- 
tively. These three cases give values of ^ equal to those produced by the 
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equivalent fluid pressure theory using fluids which weigh 69.2, 21.4, and 50 lb. 
per cu. ft. respectively (see Fig. 2). 

6c. Approximate Method for Sloping Fill. — It is evident that the 
work of calculation of values for the construction of diagrams similar to Figs. 
8, 9, and 10 constitutes a long and tedious process. Therefore, in order to show 
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the influence of a variation in the value of Q cos 5 upon the value of an approxi- 
mate method has been developed. In the appro.ximate method it is assumed that 
(?' is a constant and is equal to unity. From an inspection of Fig. 7 and eqs. (7) 

and (8) it may be noted that the ratio t obtained by this method will be slightly in 


372 REINFORCED CONCRETE AND MASONRY STRUCTURES [Sec. 6-6« 


excess of that obtained by the more exact method in the majority of cases. Also 
it may be noted that while the sum of and ^ is taken into account by means of 

that except for this condition the values of ^ and ^ may vary widely without 



having any influence on this approximate value of In other words, with a 

•C y t X ‘ 7/ i 

certain value of the sum of | and ^ is 1 — but either ^ or g may vary from 0 to 


cri H 
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Figures 11 (o), 11 (6), and 11 (c) have been prepared for conditions the same as 
those for Figs. 8, 9, and 10. In Fig. 11 (a) the solid line curve on the right is a 

J) X 

graph of the maximum values of ^ for various values of ^ while the solid line curve 

on the left is a graph of the minimum values of ^ for various values of These 

maximum and minimum values of r for different values of f were taken from 

h h 

Fig. 8. 

The solid line curves for Figs. 11 (?>) and 11 (c) wci'e obtained from Figs. 9 
and 10. The dotted line curvt's are graplis of eqs. (7) and (8). The values 



of ? which would satisfy these equations were determined by a cut and try 
h 

process. 

From a study of Figs. 11 (a), 11 (6), and 11 (c) it is evident that accuracy will 
be sacrificed by the use of this approximate method but on the other hand it is 
also evident that a fairly good notion of the influence of C cos b upon the quantity 

^ may be obtained in this way. 

& X 

Figure 12 shows the variation of ^ with ^ for different values of C cos b when 

0 = 1, and when the earth slope is IK : 1- Figure 13 is the same except that 
the earth slope is 1 : 1. 

Two factors will usually determine the choice of the proportions of a wall for a 
given set of conditions. One requirement is that the chosen wall shall be the 


0-l«s2 
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most economical, and the other requirement is that the unit pressure of the wall on 
the soil at the toe shall not exceed the allowable unit bearing pressure for the 
soil in question. 

6. Relation of Economy to Proportions of Wall. — If it is assumed that the cost 
of a gravity wall varies directly with the cross-section, then for a given height cost 



Fig. 2. 


varies directly with the quantity ^ ( 1 + |;) • Using the value of this quantity when 

= 1 as the basis of comparison Figs. 14, 15, 16 and 17 have been made. These 
diagrams arc for the same conditions assumed in making Figs. 5, 8, 9 and 10 
respectively and were constructed by multiplying values of ^ taken from those 
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diagrams by and plotting the resulting values. In Fig. 5, G corresponds 

, b. 

V 

From an inspection of Figs. 14, 15, 16 and 17, it is evident that, in general, ^ 
should be made as large as possible for maximum economy. Also, it may be noted 



that for the conditions shown in Figs. 14 and 16 and for a given value of | the most 
economical wall will usually result from the use of a minimum value of For the 
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y 

conditions shown in Figs. 15 and 17 and for a given value of | the most economical 

wall will usually result from the use of a maximum value of 

7. Relation of Toe Unit Pressure to Proportions of Wall. — In order to 
determine whether or not the unit pressure at the toe of the wall exceeds the 



allowable, it seems desirable to establish a relation between toe unit pressure and 
proportions of wall. Since it has been assumed thus far in the discussion that the 
resultant cuts the base at the edge of the middle third, then the toe unit pressure 

6e 

is twice the average unit pressure for then y = 1. The average unit pressure 
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equals the weight of the wall and earth divided by the width of the base, 
fore, for level earth fill, toe unit pressure 


= 100/j(l.5 + 1.5^+ 


There. 


/U> 




ad 


0.6 







= 100^(2.5 - f + 0-5j) 

The effect of sloping earth fill upon the toe unit pressure is slight. After a 
study of the relation between toe unit pressure and wall proportions had been 
made for all ordinal valdbs of 0 and 6 it was found that the value of the toe unit 
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pressure for both level and sloping earth fills would generally fall within a region 
bounded by two straight lines. The equations of these two lines are as follows; 

Toe unit pressure = I00/i^2.5 — 

Toe unit pressure = 1.50/i^2.0 — ^ 



In a great many cases, values given by the first equation will be too 
while values given by the second equation will be too large in other cases. Since 
no equation in between these two seems to be entirely satji^ctory it is lecom* 
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mended that the second equation be used even though it may give values 
slightly in excess of the true ones under certain conditions. Then 

Toe unit pressure = 150 h(^ — (9) 

8. Relation of Proportions of Wall to Assumed Position of Resultant. — Thus 
far in the discussion it has been assumed that the resultant cuts the base at the 



edge of the middle third. In order to show the relation between ^ and the posi- 
tion of the resultant, Fig. IS has been prepared. The shaded area in Fig. 18 (a) 
is a reproduction of Fig. 5. The left-hand boundary line of this area is a 

graph of the miniiwm values of ^ for different values of while the right-hand 
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boundary line is a graph of the maximum values of Figure 18(6) gives the 

same data for the case in which the resultant cuts the base at a point %6 from the 
toe to the wall. Figure 18(c) is for the case in which the resultant cuts the 
base at the middle. 

It is evident from a study of these figures that the most economical wall will 
result when the wall is porportioned so that the resultant will cut the base at or 
near the edge of the middle third of the base. 



9. Schedule for the Design of Gravity Retaining Walls. 

Given: Values of 6, <#>, 5, minimum value of and maximum allowable soil 
pressure. 

Find: Proportions of wall such that the resultant cuts the base at the edge 
of the middle third. 

Solution: The value of 5 will generally equal 0° 00', 33® 42', or 45® 00'. The 
value of 0 may equal 33® 42', 45® 00', or some other angle. From Figs. 14, 15, 

16 or 17 choose a trial value of 

(a) With 6 = 0® 00' 

Get C from Fig. 2, G from Fig. 5, and ^ from cq. (5). 

(6) With 6 = 33® 42' or 45® 00' 

If 0 equals 33® 42' or 45® 00' get ^ from Figs. 8, 9pr 10. If 0 does not equal 33® 
42' or 45® 00' get C cos 5 from Fig. 2, and get ^ from Figs, 12 or 13. 
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Find b by multiplying this , ratio by h. Compare the resulting value of ^ 

with the assumed value and modify the design if necessary. Determine thf 
unit pressure at the toe by means of eq. (9). Compare this value with the allow 
able value and modify the design if necessary. 

Given: Values of w\ minimum value of t, and 
maximum allowable soil pressure. 

Find: Proportions of wall such that the resultant 
cuts the base at the edge of the middle third. 

Solviion: From Fig. 14 choose a trial value of | • 

Get C from Fig. 5, and ^ from eq. (6). 

Find h by multiplying this ratio by h. Compare 
the resulting value of ^ with the assumed value and 

modify the design if necessary. Determine the unit 
pressure at the toe by means of ecp (9). Compare 
this value with the allowable value and modify the 
design if necessary. 

Illustrative Problem. — Given: HciRht. = 18 ft., minimum 
top width « 2 ft., 4* — 40° 00', 5=0° 00', and the maximum 
allowable unit prcaauro at the toe is 3,000 lb. per sq. ft. 

Find: Proportions of wall. 

Solution: In order to ^ct the most eronomical propor- 
tions of wall for a Kiven value of t it is necessary to assume 

a trial value of From I’i^. 14 it is evident that f should 

b 

bo made as small as possible in order to get the most 
economical wall. 

For a first trial assume = 0.2 and = O.S. Then G = 0.93 (P'ig. 5). From Fig. 2, C 
b o 

= 0.214 and from eq. (5), ^ = 0.81G (0.93) = 0.351. With ^ = 18 ft., h = 0.351 

(18) = 6.32 ft., and ^ = 0.310. 

Assume f = 0.3 and ^ 0.7. Then G = 0.91, h = 0.816 (0.91) \/0.2i4(18) = 6.19 ft.. 

0 o 

and ^ 0.324. 

b 

With f - 0.33 and f = 0.67, (? = 0.905 and 5 = 0.816(0.905) \/a^4(18) « 6.16 ft. 
b b 

The unit pressure at the toe is given by eq. (9) . Substituting in this equation p » 
150 (18) (2 - 0.67) = 3,600 lb. per sq. ft. To reduce the toe unit pressure to 3,000 lb. per 

sq. ft., substitute this value for p and solve for Doing this | = 2 — “ 0.89. 

Thenr -0.11, G - 0.96 and 6 > 0.816(0.96) VoTIIiClS) = 6.46 ft. Wth these eonditioiM 
o 

t B 0.11(6.46) b‘ 0?71 ft. The reduired top width may be secured by themeans indicated in 
Fig. 19. This modification will have practically no effect upon the position of the resultant 
nor the unit pressure at the toe. 

Check on the solution: (See Fig. 19.) Position of center of gravity, e ■■ ■■ 




■> 4.24 ft. from toe of wall. From eq. (4) TFa ^ Pn*, or, 
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i(100)(18)5(().214)(0) 

a = -r — = 2.13 ft. from (‘enter of gravity, or 4.24 — 2-13 = 2.11 ft. from too, 

■^2- (18)(150)(G.45) 

true location of point where resultant (aits the base. It was a.s.sumcd that the resultant 
cuts the base at the edge of the middle third or = 2. 15 ft. from toe of wall. The 

U 

6 45 

resultant actually cuts the base at a distance — 2.11 =» 1.115 ft. from the center. 

Then the unit pressure at the toe may be found readily from e(i. (3), 



1.11 


(ISld.-iOXG. 

G.I5 



0(1.115) I 
0.45 J 


3,0.S0 lb. jH'r s(j. ft. 


A value of 3,000 was obtained originally. 

Illustrative Problem. — Given: Height — 24 ft., minimum top width =2ft., =45® 00', 

B = 33° 42', and the maximum allowable unit pressure at the too is G.OOO 11). per sip ft. 

Find: Proportions of w:dl. 

Solution: (a) It is evident from Fig. 10 that an economical wall will be secured when ^ = 

0.2 and ~ = 0.8. Then from Fig. 9. J = 0.3G and b = 0.30(24) = 8.G5ft., and [ = 0.232. 
bn b 

With [ = 0.24, f = 0.70, ^ -- 0.30. Toe unit pre.ssure p = 150(24) (2 - 0.70) = 4,400 lb. 
b b n 

per 8 ( 1 . ft. 

(b) Assume as an added r(‘(iuirement that the front face shall bo as nearly v(?rtical as 
possible. For maximum economy make ^ as small as possibh^ (Fig. 10). From Fig. 9 

with?- = 0.2 anU f =0, h = 0.000(21) = ll.OS ft., aixl ! = , =0.1.17. With I 

b h 5 1 1.5S b 

»= 0.13, b = 0.64(24) = 15.37 ft., and ^ = 0.13. "I'lic too unit pressure p = 150 

(24) (2 -0) = 7,200 lb. per .-,q. ft. To rediK'o this value to 0,000, f = 2 - = 0.33. 

' b 150(,24) 

From Fig. 9 with f = 0.33 and f = 0.2, 5 = 0.1.33(24) = 10.40 ft., and ! =0.192. This 
b b b 

is close enough to the assumed value to he .satisfactory. 

Chock on the solution (a) : (See Fig. 20.) Position of the center of gravity. 


c 


Ma 

\y 


0 7G/2\ 

(.^)(0.70) + 0.24(0.88) 

1 .24 
2 


8.05 


5.02 ft. 


from toe of wall. The distance from the prjint where the resultant cuts the base to the 
center of gravity is 

n . J (100) (24) =(0.214) (8) 

a = =r ^ = 2.50 ft. or 5.02 - 2.50 = 3.00 ft. 

^ -^(24) (150 )(8.65) 


from toe of wall. It was assumed that the resultant cuts the base at the edge of the middle 
8 65 

third or - ‘ = 2.88 ft. from toe of wall. The resultant actually cuts the base at a distance 

3 

8 65 

3.06 = 1.265 ft. from the center. Then the unit pressure at the toe is 

2 


P 



? (24) (150) (8.65),. 

- -8.05 b + 


6(1.265) 

8.65 



,200 lb. per sq. ft. 


A value of 4,460 was obtained originally. 
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Afx 

Check on the solution (6) ; (See Hg. 21 .) Position of the center of gravity, e = 


150(24) 




22) + 0.20(0.43) + -~(0.68) 


) 


(27.26) (100) (0.84) 


24(^'^~) 150 (27.26) 100 


I 10.40 


= 5.77 ft. 

from toe of wall. The distance from the point where the resultant cuts the base to the 
center of gravity is 

1 , 


P //2 

W 


; (100) (27.26) *(0.214) (9.09) 
r 24 (-|^)(150) + - * (27.25) (100) ] 10.40 


= 2.48 ft. = .’>.77 - 2.48 = 3.29 ft. 



from toe of wall. It was assumed that the resultant cuts the base at the edge of the middle 

third or ^rom toe of wall. The resultant actually cuts the base at a di&- 

* 10.40 „ 

tance 3.29 

[24(^2°)(150) + (27.26)(100) ]l0.40 


1.91 ft. from the center. Then the unit pressure at the toe is 




10.40 


" . 6(1.912-] 

. 10.40 J 


= 5,9 OOlb. pep eq. ft. 

A value of 6,000 was obtained originally. 

niustrative Problem. — Given: Height » 15 ft., minimum top width » 1 ft., ^ <■ 40" 
00', 9 -> 33" 42', and the maximum allowable pressure at the toe is 3,000 lb. per sq. ft. 

Find: Proportions of wall. 
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Solution: From Figs. 15 and IG it is evident that for maximum economy, ^ should be 
made as small as possible and ^ should be made as largo as possible. Try ^ =0.15 and ^ = 
0.85. From Fig. 2, C cos 5 = 0.300: From Fig. 12, with ^ = 0, 6 = 0.45(15) = 0.75 
ft. Then = 0.148 which checks the value assumed. The toe unit pressure = 

150A ^2 — = 150(15) (2 - 0.85) = 2,585 lb. per sq. ft. This value is less than the 

maximum allowable, 3,000, and therefore is satisfactory. 

Check on the solution : (See Fig. 22.) Position of the center of gravity 


c 


Ma 

ir 


0.85 


2 




(^)(0.85) +0.15(0.925) 

1.15 

2 


0.75 = 4.3S ft. from toe of wall. 




The distance 

J (100)(ir,)H0.30)(5) 

a = — = 1.94 ft. or 4..38 — 1.94 = 2.44 ft. from toe of wall. 

(15) (150) (6.75) 


It was assumed that the resultant cuts the base at the edge of the middle third or ■■ 

6.75 

2.25 ft. from toe of wall. The resultant actually cuts the base at a distance — 2.44 » 

YI f 6e\ 

0.935 ft. from the center. Then the unit pressure at the toe is p = 5 / “ 

y ^{ 16 )( 150 )( 6 . 7 fl ) 6(0 935)1 

eTs- [ ' + S' ] “ 


A value of 2,585 was obtained originally. 

niustrative Problem.— Otven: Height = 8 ft., minimum top width = 1 ft., equivalent 
fluid pressure » 30 lb. per sq. ft., and the maximum allowable pressure at the toe is 3,000 lb. 
per sq. ft. 

Find: Proportions of wall. 

Solution: It is evident from Fig. 14 that ^ should be small and ^ should be large to 
secure an economical wall. Try = 0.3 and ^ » 0.7, Then from Fig. 5, ■■ 0.91 and 
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from eq. (6), 6 » 0.0816 Oh\/w' = 0.0816(0.91) (8) ^30 «• 3.26 ft. Then ^ «■ •• 

0.306 which checks the value assumed. The unit pressure at the toe is 150^^2 — 

150(8) (2 - 0.7) » 1,660 lb. per sq. ft. This value is satisfactory. 

Check on the solution : (See Fig. 23.) Position of the center of gravity 

m ""fOiom+OMO-ss) 

w hm 

2 


3.2G = 2.00 ft. from too of wall. 


The distance a = 


p 2 ^ (100) (8)*(0.30) (2.67) 


W 


1 .30 

(8) (1.50) (3.26) 


= 1.01 ft. or 2.09 - 1.01 « 1.08 ft. from 


too~of wall. It was assumed that the resultant ruts the base at the edge of the middle 
third or ' = 1.09 ft. from toe of wall. The resultant actually cuts the base at a distance 

3.26 

“2 1.08 = 0.55 ft. from the center. Then the unit pressure at the toe is 

IT/ 6(0.55)1 

A value of 1,560 was obtained originally. 


DESIGN OF REINFORCED CONCRETE WALLS 

10. Proportions of Wall. — A study of reinforced concrete walls was made 
similar to that explained in detail in Art. 6 for gravity walls. Using the same 
notation as given in preceding articles the 
variation of the factor G with different values 
y ^ 

of ^ and ^ was found to be as shown in Fig. 

24. These results arc based on the assump- 
tion of level earth fill back of the vrall and a 
thickness of liase equal to one-tenth of the 
total height of wall. It was found that the 
relative thickness of the base had very little 
effect upon the results and so this value was 
chosen because it was convenient and would 
produce results sufficiently accurate for all 
practical purposes. Figure 24 gives the 
same information for reinforced concrete 
walls as Fig. 5 does for gravity walls. Figures 

25, 26 and 27 are similar to Figs. 8, 9 and 10 
respectively. 

Since many engineers favor the use of 
the equivalent fluid pressure theory in the 
design of reinforced concrete walls, emphasis 
will be placed on the design of reinforced 
concrete walls according to this theory just 
as emphasis was placed on Rankine’s theory 
in the design of gravity walls. However, diagrams have been specially pre^ 
pared for the design of both, types of walls according to both methods. 
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In Figs. 28, 29 and 30, w' has been used as one of the variables instead of 0, 
the angle of internal friction. In these three figures data for the curves labeled 
5 = 0® 00' were computed from the formula 

* = O.OSlCCv't? 
h 


ae 

(P^4SVCf 

as 

St. 

0.4 

y 

b 

as 


02 


QI 






0.0 -T- 

ar oj} as ^ w u 

Fig. 27. 


12 IS la 



in which values of the factor Q were taken from the curve labeled t » 0.16 in 
Fig. 24. This is the same as eq. (6) of Art. 5a but with a different value of 0, 




388 REINFORCED CONCRETE AND MASONRY STRUCTURES [Sec. 6-10 


Data for the curves labeled 5 = 33° 42' and 5 = 45° 00' were computed respec- 
tively from the following formulas: 

‘-o.osiov'i'O + Ss)" 



These formulas are the same as eqs. (7) and (8) of Art. 66 except that C cos S 
w' 

has been replaced by and G' has been assumed equal to unity as in the approxi- 

mate method of Art. 6c. 

Rules quite often used in the design of reinforced concrete walls state that 
the base should be made five-tenths or six-tenths the height of the wall. An 
inspection of Figs. 28, 29 and 30 will show under what conditions these rules may 
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be used safely and economically and under what conditions they should bo 
modified. 

These diagrams may be used to advantage in formulating simple rules for 
design of walls under a certain set of conditions. . For example: Given — 

25, 5 = 0® 00', and 33® 42', ^ = 0.6 to 0.7. From Fig. 29 it is evident that for 

5 = 0® 00', ^ = 0.45 will produce satisfactory results. I^ikewise for 5 = 33® 42', 

f = 0.6 will produce satisfactory results. 
h 

A study of Figs. 28, 29 and 30 indicates that for the most economical wall 

should be made as small as possible. However, it must be borm* in mind that 
these diagrams show the proportions that satisfy one condition, namely that the 
resultant must cut the base at or near the edge of the middle third. In addition 
to this condition care must be taken in the design of a rc'inforced concrete wall 
to sec that enough weight is provided to prevent sliding of the wall bodily. 
A value of four-tenths is quite oftem us(‘d for the coefficient of friction b(‘twcen the 
wall and its foundation. In other words, the lateral thrust of the earth against 
the wall should not exceed four-tenths of the weight of the wall and the earth 
above the heel of the wall. 

11. Relation of Toe Unit Pressure to Proportions of Wall. —In determining 
the relation between the proi)ortions of a wall and the unit pn^ssure at the toe a 
study similar to that described in Art. 7 was made. It was assumed that the 
r(\sultant cut the edge of the middle third of the base and that tln^refore the unit 
pressure at the toe was equal to twice the averager pre'ssure. It was also assumed 
that the vertical wall had a thicknesss equal to one'-te'iiili the base width, and that 
the base slab had a thickness equal to one-tenth the overall height of wall and 


The following rules were formulated: 
For level earth fill 




j> = 6o(;i + 


(10) 

For : 1 earth slope 

p = go(a + 


(11) 

For 1 : 1 earth slope 

II 

+ 


(12) 


12. Design of a Reinforced Concrete Retaining Wall, Cantilever Type. — The 
design of a reinforced concrete wall of the cantilever type comprises the design 
of three independent cantilever walls — the back part of the base slab, or heel of 
the wall, the front part of the base slab, or toe of the wall, and the vertical wall. 
A variation in the position of the vertical wall on the base will cause a variation 
in all parts of the design', except that of the vertical wall for a level earth fill. 

The detailed analysis of a cantilever wall may be explained best by means of 
an illustrative problem. A complete design is presented in the following 
problem. 
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Illustrative Problem. — Given: Height of wall ~ 16 ft., 5 » 33° 42', w' » 25, maximum 
allowable unit pressure at the toe is 4,000 lb. per sq. ft., coefficient of friction between con- 
crete and foundation material — 0.4, /« =« 16,000 lb. per sq. in., fe = 050 lb. per sq. in., 
u = 100 lb per sq. in. (deformed bars), and maximum allowable unit shear taken by 
concrete = 40 lb. per sq. in. 

Assume 0.7 and investigate toe unit pressure and resistance to sliding. From Fig. 


29 with ^ = 0.7, ^ 
pressure at the toe is 


0.0 or 5 = 0 0(16) = 9.6 ft. and x = 0.7(9.6) = 6.72 ft. The unit 


p = Oo(a + 3A® +„ g’^) = (io[ie + 3(16)(0.7) + g ] = 3,300 lb. per sq. ft. 



0.96/ "'L-" ■ ■ o.9(9.C)J — 

This value is le.ss than the allowable and is therefore 
satisfactory. 

Before proceeding further the resistance to sliding must bo 
investigated. The weight of the wall and earth shown in Fig. 31 
(a) may bo determined approximately by assuming the vertical 
wall to have a thickness equal to one-tenth the base width, and 
the base to have a thickness equal to one-tenth the total height 
of the wall. Then = [0.1(16)(9.6) + 0.9(16)(0.1)(9.6)]lS0 

+ [o.9(10)(6.72) 4 ("^■,‘|^)(>.72]l00 = l.'i.SSO lb. 


^•9.60*- -"I 


25f20.2S)2 


5,140 lb. 


,-^1 1 I I 

1} s./a- 


1 1 ! I > 1 

l-l-U-ULiJN 

SannTTTTn^ 

J 


tSince Pn is less than four-tenths of JV\ this base width and 
position of vertical wall on the base is satisfactory. 

Since the height of the vertical wall is unknown until the 
thickmiss of the base slab is determined the base slab back of 
the vertical wall will be designed first. 'J’o get the downward 
pressure on this slab assume that the thickness of the base 
slab is one-tenth the given height of wall. Then the down- 
ward pressure at C, Fig. 31 (o), is 0.9(16) (100) +0.1 (16) (150) = 
1,680 lb. per sq. ft. The upward pressure atC is 0.7(3,300) = 
2,310 lb. per sq. ft. The resultant upward pressure at C is 2,310 
— 1,680 = 630 lb. per sq. ft. The downward pressure at D — 
1,680 + 4.48(100) ~ 2,128 lb. per sq. ft. This is the resultant 
downward pressure at this point since the upward pressure is 
zero. The distribution of pressure is shown in Fig. 31(6). 

The distance from C to the point of zero pressure is 


Fio. 31. 


(63ofll28>-^=^ 


The moment at C is 

5:18(2.ia8)|-j 1,54(630)(L64) ^ 27,300 ft.-lb. 

The computation for the location of the point of zero pressure may bo eliminated and 
the moment computation may bo simplified by considering the pressures to be distributed 
as indicated in Fig. 31 (c). Then the moment at C is 

wm (e.72)Q) - 6.72(630)(«f ) = (6.72)<?f8- ) - 27.300ft.-lb. 


From the formula M 


Kbd\ d=yjy. \/?7z3q0(12) 
^Xb ^ 107(12) 


16 in. or total thickness of 


slab a 18 in. In the determination of the downward pressure it was assumed that this 
slab was 1.6 ft. thick. The results are therefore satisfactory. From the formula V « 
V V V /2 7*58 \ 

^-vb}- 40Tl2)(li) - 420- ^ - C V - ®30)8-72 - 6.0i0 lb. Then 
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5,040 

the depth re^^uired for shear is = 12 in. Moment governs as might be expected. 

M 


From the formula, As = 


f.jd 


A. 


27,300(12^ _ , zir o • 

iMOocYoie 

This area may be provided with J^-in. round rods, spared 3)'^ in. apart. Investigating the 

V 

unit bond stress by considering a strip of wall 3H in. wide; it is found that u = ^ jj = 
® 5.040 

(■^0(16) 2 3^ ” value is loss than the allowable. The rods should 

be extended from C (Fig. 31 (a)) toward A a distance C(iual to 40 diameters. 

The height of earth causing pressure on the vertical wall is IG.OO + 4.48 — 1.50 = 
18.98 ft. 

„ _ 25(18.08). 


and 


^ 4,.500(1S.98) 


28,500 ft.-lb. 


The depth required for moment is 




Kb 


V >8,500(12) 
107(12) 


= 1G.3 in. 


The depth rc(iuired for shear is 

. V 4,500 
^ vbj 40(12) (H) 

The effective depth of the wall at the base will be made 16.5 in. and the thickness will 
be made 18 in. The effective depth of the wall at the top will be made 10.5 in. and the 
thickness will be made 12 in. In order that the size and spacing of the reinforcing rods may 
bo selected, the area of steel required at the foot of each of four equal divisions of the vertical 
wall will be determined. The computations are shown in the following table: 


Point 

Height to 
top of 
wall 

Height 

14.5 

'HeiKhtV 
k 14.5 / 

1 

' Moment (ft.-lb.) 

1 

Effective 
depth (in.) 

i 

1 

i 

3.625 

! 

0.25 

! 

0 0156 1 

0.015C(28,5(X» = 450 

12.0 

2 

7.250 

0.50 

1 0.1250 

0.1250(28,600) = 3,660 

13.5 

3 

10.875 

0.75 

0 4219 ' 

0.4219(28,500) > 12,020 

15.0 

4 1 

14.500 

1.00 

1.0000 i 

1.0000(28,600) = 28,500 

16.5 


In finding the effective depths at various heights a uniform variation from 10.5 in. at 
the top to 16.5 in. at the bottom was assumed. The area of steel required at each of the 
four points is as follows: 

A ^ 

Am =s 7 -—, 

/•jd 


A., 

Am 

Amm 


450(12) 

i6;b00(H)(12.0) 

3,560(^) 

16,()00(H)(13.5) 

12 , 020 ( 12 ) 

i6,0b6(>i)(15.0) 

28,500(12) 

“ 16,000(H)(166.) 


= 0.032 sq. in. 
0.226 sq. in. 
0.688 sq. in. 
> 1.480 sq. in. 
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The variation in area of steel required is shown in Fig. 32. The size and arrangement of 
the reinforcing rods will not be determined until after the portion AB of the base slab has 
been designed. 

The length of this toe AB = 9.G0 - (f>.72 + 1.50) = 1.38 ft. The upward pressure 
at the outside edge of the vortical wall = ( 9 00 " )^»300 = 2,830 lb. per sq. ft. It will 

be assumed that the slab AB is 18 in. thick. Then the downward pressure is 2 (150) *= 
225 lb. per sq. ft. The -resultant upward pressure at A = 3,300 — 225 = 3,075 lb. per 
B(\. ft. and at B = 2,830 — 225 = 2,005 lb. per sep ft. The distribution of pressure is 
shown in l'"ig. 31 (d). 

2,005(1..38)2 (3.075 - 2,005) (1.. 38)* 

1 he moment = ^ ^ 

The depth rcMiuircd for moment is 

1.030(12) 

107(12) 


3,030 ft.-lb. 


^ iM /3.03( 
“ VaV) \ 107 
The depth rtMpiirod for shear is 


= 5.32 in. 


d - , . = 

Vhj 


40(1L>) (?) 


= 9.32 in. 


Since the thickness is 18 in. ,*in<l the effective depth is 10 in. it is evident that satisfac- 
tory results will bo obtained by using the same reinforcement in the toe as at the bottom of 

the vertical slab. These rods must be embedded 
40 diameters in the base slab anyway in order 
that the bond re(iiiirements may be satisfied, 
'rhereforo they will be carried along the lower sur- 
fa»*e of the slab AB to the front edge of the base 
slab. The area of stool required at the foot of the 
vertical wall may bo provided by ? 4 -in. round rods 
si)accd 3M in. apart. Some of these rods may be 
cut off where no longer needed as indicated in Fig. 
32. The bars should bo continued about 30 
diameters beyond the theoretical cut-oflf points 
showni in Fig. 32 in order to develop some resis- 
tance in bond. 

Temperature reinforcement may be provided 
by means of Ji-in. round rods, 2 ft. apart, placed 
horizontally along the front face of the wall. 

The completed design is shown in Fig. 33. 
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13. Design of a Reinforced Concrete 
Retaining Wall, Counterforted Type. — The 
analysis and design of a reinforced concrete 
counterforted retaining wall presents one of 
the most difficult problems which the struc- 
tural engineer must solve. Due to the intro- 
duction of counterforts at frequent intervals, 
the simple cantilever action of an ordinary cantilever retaining wall is changed, 
because the vertical wall and the back part of the base slab are divided into panels 
which arc supported along three edges. 

Since these two slabs are rigidly connected it seems reasonable to assume 
that each acts as a restraining influence upon the other, causing a small amount 
of simple cantilever action near their junction. However, since the amount 
of the restraint and the extent of the cantilever action is unknown, it is common 
practice to disregard the connection between the vertical wall and the base. 
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Then both arc designed as continuous slabs supported on counterforts. Because 
of the condition of continuity a bending moment coefficient of H 2 ^ generally 


Whether shear or moment will govern the thickness of these slabs will depend 
largely upon the spacing of the counterforts. Until the engineer has had con- 
largelyle experience in counterforted wall design both should be investigated. 
The size or spacing of rods is frequently controlled by the bond stress so that this 
point should be investigated also. 

The spacing of the counterforts generally varies from a minimum of 6 or 8 ft. 
to a maximum of 12 or 15 ft. The thickness of tlie counterfort is governed by 


the amount and arrange- 
ment of the steel wliich 
must be accoininodatod, 
and not by theoretical 
considerations. 

The design of the toe 
slab is the same as in the 
case of the cantilever wall 
except when counterforts 
arc placed in front of the 
vertical wall. Usually the 
toe slab is relatively narrow 
and is designed as a 
cantilever. 

The detailed analysis of 
a counterforted wall may 
be explained best by means 



fl 

t s'-T* d 

Cross Section 

.' 53 . 



Rear Elevation 


of an illustrative problem. A complete design is presented in connection with 


the following problem. 


Illustrative Problem. — Given: Height of wall = 24 ft., spacing of counterforts = 8 ft., 
B = 33° 42', w* « 25, maximum allowable unit pressure at the too = 6,000 lb. per sq. ft., 
coefficient of friction between concrete and foundation material = 0.4, /* = 16,000 lb. per 
eq. in., fe *= 650 lb. per sq. in., u = 100 Ib. per sq. in. (deformed bars), and allowable unit 
shear taken by concrete = 40 lb. per sq. in. 

Assume ^ = 0.7 and investigate toe unit pressure and resistance to sliding. From Fig. 

29. with f * 0 7, * 0.6, or b =^0.6(24) = 14.4 ft., and x = 0.7(14.4) = 10.08 ft. The 

unit pressure at the toe is 

p - 60(a + + 0 ^) = 6o[ 24 + 3(24) (0.7) + ] = 4.940 lb. per sq. ft. 

This value is less than the allowable and is therefore satisfactory. 

For the purpose of investigating the resistance to sliding it may bo assumed that the 
thickness of the vertical wall is one-tenth the width of the base and that the thickness of the 
base is one-tenth the total height of the wall. The difference between the weight of a 
counterfort and an equivalent volume of earth is small and may be neglected without appre- 
ciable error. Then 

W =[o.l(24)(14.4) +0.9(24)(0.1)(14.4)] 150 +[ 0.9(24) (10.08) +(®~)( 10 . 08 ) ] 100 



11,8001b. 
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Since Pn is less than four-tenths of W, this base width and position of vertical wall is 
satisfactory. 

The rear portion of the base slab will be designed first as in the case of the cantilever wall. 
To get the downward pressure on this slab assume that the thickness of the base slab is one- 
tenth the total height of wall. Then the downward pressure at C (Fig. 34 (a)) is 0.9(24)100 
+ 0.1(24)150 = 2,520 lb. per sq. ft. The upward pressure at C is 0.7(4,940) * 3,458 lb. 
per sq. ft. The resultant upward pressure is 3,458 — 2,520 = 938 lb. per sq. ft. The 
downward pressure at D is 2,520 + (6.72)100 = 3,192 lb. per sq. ft. Since the upward 
pressure at this point is zero, this value is the resultant downward pressure at this point. 
The pressure distribution diagram is shown in Fig. 34 (6). 

The portion of the slab CD subjected to the greatest bending moment will be a strip 1 ft. 
wide adjacent to point D. If it is assumed that the slab is continuous under the counter- 
forts and that therefore a moment coefficient of 3^ 2 may be used then the moment is 

M = 12in.-lb. = ^ ) (8) « = 191,000 in.-Ib. 

wl 

= 12.2 in. The shear F = “ = 


From the formula M — Kbd^, 
(2,780 + 3,192)8 


^ - \Kb - \it 


= 11,944 lb. For shear d 


191,000 
107(12) 

V _ 11,944 

bjv 


of 2.5 ft. will be satisfactory. 


12(%)40 
Substituting in the formula At 


= 28 in. A slab thickness 


M 

" f.jd' 


the area of steel 


A - 


required at D for a atrip of wall I ft. wide is 

. 191,000 

i6,000(K")28 *“■ 

Since the pressure at E is zero, the area of sled required at this point is also zero. The 
bending moment produced in the 1-ft. strip of slab adjacent to C by the upward pressure is 

M = ^^wln'2 in.-Ib. = (**^*^-2 ^*)(K)« = 46,900 in.-Ib. 

From the formula 

46,900 
16,000(^)28 

The area of steel required at E is zero, while at a point midway between E and D it is 
half of that required at D or 0.25 sq. in. So for the 4 ft. of slab adjacent to i>, )^-in. square 
rods 6 in. c. to c. ^vill be u.sed, and in the remainder of the slab, H-in. square rods 12 in. 

tjh 40(6) 

c. to c. will be used (see Fig. 35) . The Iwiid stress in the bars near Z> is u = tt = -t,— =* 

2.0 2 

120 lb. per sq. in. This value is slightly over the allowable but the above spacing will be 
used regardless. 

Since the slab CD is 2.5 ft. thick the clear height of the vertical wall is 24.00 — 2.50 ** 
21.50 ft. The height of earth acting upon the vertical wall is 21.50 + 6.72 = 28.22 ft. 
Therefore the pressure at the base of the wall is (28.22)25 = 705 lb. per sq. ft. Since the 
vertical wall is continuous across counterforts M = 12 in.-lb. *= 705(8)* =45,000 

in.-lb. 

The depth required for moment is * 

fM I45j60b“ 


= 0.12 .sq. in. 


d = 


Kb \i07(12) 


= 5.9 in. 


The shear V 


6.7 in. Use a thickness of 9 in. and an effective depth of 7H in. 


wl __ 705(8) 

2 “ 2 

2,820 
12(Jg)40 

The area of steel required at the base of the wall is 

M ^ 44,600 

'f,3d 16,000(>i)7.6 

vb 

Assuming M-in. square bars 6 in. c. to c. u — - 


^ V 
' hjv 


At 


= 0.43 sq. in. 


120 lb. per sq. in. Since 
this sise and spacing of rods is convenient and since this high bond stress exists over only a 


40(6) 
2o “ ' 2 
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Bmall region near the base of the wall, this arrangement of rods will be adopted for the 
lower part of the wall. For the central part H-in. square rods, 8 in. c. to c. will be used, 
while for the upper part of the wall H in. square rods, 12 in. c. to c. will be used. In the 
former case At «= 0.37 sq. in. while in the latter case A» = 0.25 sq. in. At the base of 
the wall, 21.5 ft. from the top, area required = 0.43 sq. in. The 8-in. spacing may be 
0.37 

started (21.5) = 18.5 ft. below the top of the wall, and the 12-in. spacing may be 
0.25 ' 

started (21.5) = 12.5 ft. below the top of the wall. The adopted spacing of reinforce- 
ment is shown in Fig. 35. 




Fio. 34. Fio. 35. — Show.s position of reinforcement in counter- 

forts and in wall slabs between counterforts. 


The length of the toe AB ia 14.40 — (10.08 -j- 0.75) 


3,720(3.^7^ (4,940 - 3,720 ) (3.5 7) « 

2 3 


3.57 ft. The moment at B is 
: 28,900 ft.-lb. 

The depth required for moment is d = ^ V^l’i07U2)^^ ” in. 

The shear at B is ^4,940 _+^,j_^^ 2 _ 15,470 lb. The depth required for shear is 

V 15 470 

^ bjv ** 12l}i)46 ~ made 3.26 ft. thick at B 

28,900(12) 


and 2 ft. thick at A. The area of steel required is Aa 


0.67 sq. in. 


16,000(%)(37) 

This area can be provided by H-in. round rods, 5H in. c. to c. Then the bond stress is 
V _ 15,470 


2.;d 1.96(^)(37)^^^ 


112 lb. per sq. in. 


This value is slightly over the allowable. The area of steel provided by H-in, round rods, 
5 in. c. to 0 . is 0.74 sq. in. Then the bond stress is 102 lb. per sq. in. which is satisfactory. 
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The horizontul steel in the counterfort must bo so designed us to be ablo safely to with- 
stand the horizontal pressure against the vertical wall. As given in the design of the 
vertical wall, the horizontal pressure on the lowest l-ft. strip of vertical wall is 705 lb. 
per sq. ft. 

Since the spacing of the counterforts is 8 ft. the total horizontal force is 8(705) = 5,640 
lb., and the area of steel required is = 0.35 sq. in. This area may be provided by M- 

in. round rods, 7 in. c. to c. The center of the l-ft. strip where the pressure is 705 lb. per 
sq. ft. is 21 ft. below the top of the wall. 'J'he area provided by > 2 -in. round rods, 12 in. 

( 0 . 20 ^ 

0 35/^^ ~ 12.08 ft. below 

the top of the wall. Since this spacing of rods is practically the same as that of the hori- 
zontal rods in the front vertical slab, the same spacing will be adopted for both (see Fig. 



^2 3 1 y‘^\ 23 888 

fort is 8 ^ - - 2 “ “ 23,888 lb. To carry this an area of vertical steel equal to 

= 1.49 sq. in. must be provided. This area can be furnished by three M-in. square rods, 
0 in. c. to c. This spacing will be lulnpted for <hc 4 ft. of counterfort adjacent to D, and will 
bo changed to 12 in. c. to c. for the next 4 ft. From E to C no vertical rods are needed 
since the resultant pressure i.s uf)ward. 

lloth the horizontal and the vertical rods in the counterforts should be hooked around 
the horizontal rods in the vertical slab and the back part of the bas(3 slab. 

The amount of steel required along the inclined edge of the counterfort may be deter- 
mined by taking moments aliout point F The perpendicular distance from the inclined 
edge of the counterfort to this point is about 10 ft. Allowing 3 in. of protective covering 
for the steel the effective depth is 9 ft. 9 in. or 1 17 in. 

The height of earth acting upon the vertical wall is 28.22 ft. as determined in the design 

of this wall. Then the bending moment is A/ = ^ J (!|) 12 = - 1,125,000 


in.-lb. per ft. of wall, or 8 (1,125,000) = 9,000,000 in.-lb. per counterfort, 
required is 


A, 


M 

fjd 


9,000,000 

io,ooo(ji;)H7 


5.50 sq. in. 


The area of steel 


The area of steel required at various points is directly prop(>rtional to the cube of the 
height, but is inversely proportional to the effective depth. Since the effective depth is 
directly pro])ortioiial to the height, the result is to make the area of steel rciiuircd directly 
proportional to the s(iiiare of the height. 

If 5.50 sq. in. of steel is needed at point a, Fig. 31c, then the steel needed at points 
6, c, and d respectively is a.s follows: 


(M) 2 5.50 = 3.10 sq. in. 
CA)^ 5.50 = 1.38 sq. in. 
5.50 = 0.34 sq. in. 


These requirements can be fulfilled by using 1-ln. round rods, 7 at point a, 4 at point &, 
and 2 for the remainder of the distance. The rods should be extended beyond the theoret- 
ical points of cut-off a short distance in order to satisfy the bond stress. Additional 
strength may be gained by ])roviding hooks at the ends of these rods as indicated in the 
completed design shown in Fig. 35. 
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SLAB AND GIRDER BRIDGES 

By Walter S. Todd 

The simple slab is used for spans from 12 to 30 ft., the through girder for 
spans from 30 to 55 ft. and the deck girder for spans from 40 to 60 ft. The deck 
girder usually proves more economical than the through girder whenever there is 
sufficient headroom to permit the use of girders below the floor. 

SLAB BRIDGES 

1. Design of Floor. — The method to bo followed in designing the floor of a 
reinforced concrete slab bridge is similar to the general methods employed 
in the design of slabs. It is customary to consider the floor as being a series 
of simple beams 1 ft. in width, reinforced in the direction of the center line of the 
road, and with span length equal to the distance between centers of supports, 
but not to exceed the clear span plus depth of slab. 

2. Loads. — It is obviously impossible to specify the live load applicable to all 

locations. It is easy to arrive at the dead load, but the designer must have a 
knowledge of the traffic to which the structure , 

is to be subjected before he can make a reason- 


able assumption concerning the live load. The ^ 
structure should be designed for the maximum j 

live load which may reasonably be expected 
within its lifetime. In the design given in this f 

Rear 

JR5/b.pe, 

Center 

■bi 

. _ 1 

iffxte 

\of3pan’^ * f 

1 ^ 

chapter a uniform live load of 125 lb. per sq. ft. J 


^ axle 

*4 

of floor surface, or an engine or truck load of 24 
tons distributed as shown in Fig. 1, is assumed. 

” Zealbper 

s^r/y 


\ 

<- 16- 

.Q- _> 



3. Impact. — The amount of impact caused 
by the various types of vehicles traveling over 
highway bridges is not definitely known, and as 


yet no standard practice has been established, although a number of tests have 
been made. In the following articles it is assumed that the live loads mentioned 
include impact. 

4 . Allowable Stresses in Superstructure. — When there is no provision made 
for expansion or contraction in the superstructure due to temperature changes, 
provision must be made for temperature stresses in the design. For a drop in 
temperature of 40 deg. from the normal, a tensile stress of 8,000 lb. per sq. in. is 
produced in the longitudinal reinforcing steel, if the abutments remain fixed, 
and there is no relative movement between abutments and superstructure. 
Tests, however, indicate that this temperature stress rarely exceeds 6,000 lb. per 
sq. in. As the maximum highway loads, such as tractors, seldom cross the bridge 
during the coldest weather, it is not probable that the maximum stress due to 
temperature will occur at the same time with the maximum stress due to loads. 

307 
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In the design which follows a stress in steel of 12,000 lb. per sq. in. is used, 
which allows 4,000 lb. for stresses due to temperature fall before the allowable 
working stress in steel is reached. The allowable unit stress in concrete is 800 
lb. per sq. in. The proportions used are 1 : 2K : 4 with a maximum size of coarse 
aggregate of in. 

6. Design of Superstructure. — ^Assume a clear span of 24 ft., the dead load to 
be the weight of the floor slab itself plus a wearing surface weighing 50 lb. per 
sq. ft., and the live loads as previously stated. 

Assume n = 15;/, = 12,000 lb. per sq. in.;/c = 800 lb. per sq. in.; t; = 40 lb. 
per sq. in.; u = 80 lb. per sq. in.; span to be used in design = 25 ft.; weight of 
concrete (including reinforcement) = 144 lb. per cu. ft. 

L.L. moment due to engine is 

(3.83)(525)(14.17) + (3.83)(203)(4.17)(^®^— ) - = 13^200 ft.-lb. 

(Figure 1 shows the 24-ton load placed in its relative position to the center of 
span so as to give the maximum bending moment.) 

Uniform L.L. moment is 

(K)(125)(25)(25) = 0,770 ft.-lb. 

The moment due to the engine is the greater and will govern the design. 
D.L. moment, assuming a slab having a total thickness of 15Ji in., is 
Coticrete = (12) (15.75) = ISO 
Wearing surface = 50 


Total = 230 lb. 

M = {ys) (2;i0)(25)(25) = 18,670 ft.-lb. 

Total moment L.L. + D.L. = 13,200 + 18,670 = 31,870 ft.-lb. 

Deducting m in. from the total depth of the slab as protective covering for 
the steel, the effective depth is 14 in. 

From the flexure formulas for working loads, and based on the straight line 
theory, M, = pfsjhd^ and Me = K is a coefficient which is ec|ual to 

pfj in the formula for M, and is cciual to M fckj in the formula for Me. K should 
not exceed 168 for stresses of 12,000 lb. per sq. in. in steel and 800 lb. per sq. in. in 
concrete. 

M =■ (31,870)(12) = (A)(12)(14)(14) 
or 

K = 102.6 


The valups of p and j may be determined directly from a curve giving the 
coefficients of resistance of beams. In this case p = 0.0102, and/ = 0.83. 

A. required = (0.0162) (12) (14) = 2.72 

Dead load shear = (239) (12) = 2,868 

(2,010) (23.08) 

25 


Live load shear = 


+ (■,»?»»“» -2,381 


5,249_ _ 

® (12) (a83)(i4) 

5249 

“ (soxoTmkiS) 


Total F = 5,249 lb. 
37.6 lb. per sq. in. 

5.65 sq. in. 
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Use 1-in. square bars at 4K-in. centers. A, provided = 2.67 sq. in, and 
So = 10.66 in. 

The details of the slab design are shown in Fig. 2. 



6. Abutments for Slab Bridge. — The abutment wall supporting a slab 
superstructure is usually designed as a vertical beam simply supported at the 
top by the slab and at the bottom by the footing, and carrying a uniformly varying 
load due to the horizontal component of the earth pressure back of the wall. 
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The amount of this pressure will vary depending upon the kind of soil, per cent 
of moisture in the soil, and the method by which the back fill is made. For the 
purpose of illustration it will bo assumed in this design that the horizontal 
component of the pressure will be equal to that of a fluid weighing 21 lb. per cu. ft. 

For convenience in design, most highway bridge engineers assume that 
the horizontal thrust due to earth retained by walls, varies uniformly with the 
depth of fill. The equivalent fluid i)rcssures in pounds per cubic foot by some of 
the State Highway Departments are as follows: 

Missouri — 25; Illinois — 21; North Carolina — 21; Texas — 25; Wisconsin — 25; 
California — 30 lb. per cu. ft. for usual backfills and 36 lb. per cu. ft. for sand fill. 

The footing is designed to carry half the entire superstructure load, plus 
the weight of the wall itself and the earth fill directly over the footing. In 
designing the too of the footing it is on the side of safety to neglect the weight 
of the earth on the front of the wall. 

The wing walls are designed as independent cantilever retaining walls. 

The following computations give the design for a substructure sui)porting 
a slab bridge with clear span of 24 ft. roadway of 20 ft. and a height overall of 
17 ft. Detailed dimensions for this design are shown in Fig. 2. 

The assumptions made in this case arc given as follows: = 16,0001b. per 
sq. in.;/c = 650 lb. per sq. in.; n = 15; t; = 40 lb. per sq. in.; u = 80 lb. per sq. 
in.; weight of earth = 100 lb. per cu. ft.; equivalent fluid pressure = 21 lb. 
per cu. ft.; maximum soil pressure 6,000 lb. i)er sq. ft.; and average soil pressure 
= 4,000 lb. per sq. ft. 

6a. Design of the Main Wall.— Denoting the intensity of pressure 
at the top of the wall by wi and at the top of the footing by (w + Wi) it may 
be shown that the shear is equal to zero when 


and that the 


6 2i 


+ — xvix = 0 


Max. M 



wx^ 

6L 


wiLx 

2“ 


WiX^ 

~2 


where x is measured down from the top of the wall and L is the 'distance from 
top of footing to bridge scat. 

Solving 

Max. M = 4,380 ft.-lb. 

For the conditions ordinarily met with, it is very nearly exact to assume that 
X - 0.56 L. 

With dimensions shown 


M = (4,380) (12) = (K) (12) (10)* 

2i: = 43.8 p = 0.003 j = 0.92 

A» required == (0.003) (12) (10) = 0.36 sq. in. per ft. 

Use H-in. square bars at 12-in. centers A, provided = 0.39 sq. in. 

The shear and bond stresses on the abutment wall are low and need not be 
investigated. 
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6 ft. Design of Main Wall Footing. — The superstructure loads are 

as follows: 

Super, concrete = (33) (27) (144) (J^) = 64,200 

Wearing surface = (50) (19) (26) (H) = 12,350 

Engine loading = 32,000 + ^ 

Total = 118,150 lb. 

A uniform live load of 125 lb. per sq. ft. of roadway surface would impose 
a load of only 30,875 lb. so the engine load will govern the design. 

= 5,350 lb. per lin. ft. of wall 

The loads on the footing are as follows: 


Main wall = (13.70)(1)(144) = 1,985 lb. 

Footing = (3)(1.5)(144) = 650 

Earth = (15.5)(1)(100) = 1,550 

Sui)er load = 5,350 

Total = 9,535 lb. 


Average soil pressure 


9,535 

3 


3,175 11>. per sq. ft. 


V = 0.0007 


Moment about base of wall neglecting small downward moment of footing 
slab is 

3,1^75 ^ j ggg ^ = 11.0 V = 0.0007 

An required = 0.101 sq. in. 

Use H-in. square bars at 12-in. centers. A, provided = 0.25 sq. in. 

No shear or bond need be figured on the footing since a line drawn downward 
at 45 deg. from the juncture of the wall and the top of the footing will intersect 
the reinforcing steel at the outer edge of the footing.^ 

In the design of the abutment wall it was assumed that support was furnished 
the wall at the top and bottom. In order to obtain this condition, the frictional 
resistance between the slab and the top of the wall must equal or exceed the 
horizontal force at the top caused by the earth pressure. In the case assumed, 
this force 


Pu = (H)(21)(13.79)(13.79) + (>i)(1.71)(21)(13.79) - 

913 lb. per ft. of bridge seat 
This force is resisted by the weight of the superstructure (neglecting the 
wearing surface) times a coefficient of friction suitable to the existing conditions. 
For concrete on concrete, it is safe to assume a value of 0.6 which would give a 

( 64 20 \ 

22 ~Qg +^13 = 1.91. 

Experience with slab bridges shows that there is no relative movement 
between slab and abutment, even when a tar-paper joint is provided between 
them. 

6c. Wing Walls. — ^Moment of earth about base of wall is 
M = (>i)(21)(16.5)» = 13,050 K = = 66.5 

1 See Proposed ^eci&oations of New Joint Committee, Appendix G. 
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p = 0.0047 A, required = 0.79 sq. in. j 0.90 
V = (h0(21)(15.5)^ = 2,5201b. 

2 520 2 520 

(12)(0.90)(14) lb. per sq.m. I# = (80) (0.90) (14) ” 

Use Js-in. square bars at 6-in. centers ( "I' 0.78 sq. in. 

\ 2/0 = 5.00 in. 

At a point 5 ft. G in. above top of footing 

d = 12.58 in. and M = (>^)(2l)(10)« = 3,500 ft.-lb. 

K = - = 22 1 

^ "( 12 . 58)2 

p = 0.0015 A a rcciuircd = 0.227 sq. in. 

Use 3'2-in. square bars at 12-in. centers == 0.25 sq. in. 



6d. Footing Design of Wing Walls. — The footing is dc'signed as 
two cantilevers, the front or toe being reinforced to withstand resultant stresses 
upward, and the rear portion to withstand downward stresses. 

The width of base is taken as 0.4 of the overall height — in this case G ft. 
9 in. (see Fig. 2a). 


Taking moments about iioint A : 


W = (15.5) (1) (144) 

= (2,233) (4.58) 

= 10,220 ft.-lb. 

ir, = (I5.5)0^^)(ir,)(44)‘ 

= (114)(3.97) 

= 453 

W, = (6.75)(1.5)(144) 

= (1,458) (3.375) 

= 4,922 

E = (15.5)(4.08)(100) 

= (6,325) (2.0 ) 

= 12,905 

Total vertical force 

= 10,1301b. 


Moment due to earth fill 

= (^)(21)(17)> 

= 17,200 


Total M 

= 45,700 ft.-lb. 


Eccentricity = ” 3.375 

4a; ^ (4)(10,130) 

3(5 - 2c) 3[6.75 - (2)(1.13)] 

T. 1 4 • 4 A/ (2)(10,130) 

Pressure equals zero at point, o = “ 3 QQg ~ 


1.135 

3,008 lb. per sq. ft. 
6.74 ft. from toe. 


1 Forty-four is the difference in weight between earth and concrete. 
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It will be seen that this point corresponds very nearly with the heel of the footing 


Vb = 


V = 




^-’^^•^ )(0.67) - (0.67)(144)(1.5) = 1,760 1b. 

_ 1,760 _ 1.10-7 11 • V _ 1.760 

(i2)(0.92)a2) *"• P®*" '“‘P “• (80) (0.92) (12) 

2,260(1^* (^8)(1.67)p\ _ (144)(L5) (1.67)» 

2 2 \.l/ 2 


1.99 in. 
3,545 ft.-lb. 


q UK 

K = ^12)2 = 24.7 p = 0.0017 j = 0.92 

.1, = (0.0017)(12)(12) = 0.245 sq. in. 

Ji-in. sq. bars at 12-in. w-nters = 0.25 sq. in. So = 2.00 in. 

Md = (1,670)(^)('^^-^) - (16.5)(100)(3.75)* _ (li4)(1.5)(3.75)^ ^ 

- 8,.500 ft.-lb. 

K = = 37.8 A, = (12)(0.0026)(15) = 0.468 sq. in. 

p = 0.0026 j = 0.92 

Vi> = (15.5) (100)(3.75) -I- (3.75)(144)(1..5) - ^ 3 , 41)0 lb. 


400 ‘A 400 
” ^ (12) (0.92) (15) "" P®*’ **''■ ^(0.92) (80) (15) ^ 

Use ) 2 -in. square bars at 6-iii. centers, Ag = 0.50 stp in. Xo = 4.00 in. 

6e. Stability of the Wall Against Overturning. — The factor of safety 
of the wall against overturning is equal to the moment of all the vertical loads 
about the toe of the footings, divided by the horizontal moment of the earth 
about the same point. When the resultant of all the forces acting passes through 
the outside? (‘dge of the middle third as it does in the problem above cited, the 
factor of safety is 2. 

6/. Stability Against Sliding.- -The force tending to move the wall 
forward is ccjual to the horizontal thrust of the earth or 


(H)(2l)il7)^ = 3,035 lb. 


This force is resisted by the vertical loads multiidied 1)37 a coefTicient of friction*. 
With the 17-ft. wall, this coefficient must equal at least 

3,035 
10,130 


= 0.3 


in order to prevent the wall from slipping along the base. With firm, unsatu- 
rated subsoil, a coefficient of friction of about 0.57 may safely be assumed. This 
gives a factor of safety of 1.9 against sliding, which is large enough in view of 
the fact that the tendency to slip is materially resisted by the backfill placed 
against the front of the footing and the wall. 

6^. Length of Wing and Height of Wing at End. — For figuring the 
length of wing, and height of wall at the end, it is necessary to know the 
difference in elevation between the shoulder and the stream bed on line with the 
abutment wall, and to assume the slope of the earth in place. Referring to the 
elevation of the wing wall shown in the drawing (see Fig. 2), assume that the 
shoulder is 12 ft. 6 in. above the stream bed. If the earth assumes a slope of 1 
horizontal to 1 vertical, the distance + 1 -f- 2/) must equal (1.5) (12.5 
ft.) s 18.75 ft. to prevent the earth from reaching the stream when the lowest 
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*‘‘® abutment. This gives a wing 

length of 15 ft. 6 in. The drop at the end of the wing is Jf = 4 f t 6 in 
7. Slab Bridges of Multiple Spaiis.-Slab bridges of multiple spans will be 
treated under the throe following headings : 

Concrete pile trestles. 

Pier trestles. 

Trestles with framed bents. 






^ t-V*Bond> no Bars ^ ■ 

/ £• \ rf-i 








6'- 6* 


— 6 - 1 


Cross Section 
77t/s concrete poured 


cdfer pre-east slabs 
J' are tn place 


Expansion 

Joint 


'• tutene/nw slab stsi 

^neintbrcement^ \ t t to be greased 
sb \ in Slab 'T ri V ^ " ili ir--f « 1 7 -. 



Section through Brout suridea 

Typical Bent befbre placing shb 

^fdper Joint 


\^End ofUince slab to be 
greased iO prerent bondBtp 
to concrete in post 
Fence Post 

3' 

s 'Sptbe s 


ffSand 



expansion Joint 
or Railing 



V 

Detail at 
End of Bridge 
(Bent Cap 50) 


Expansion Joint 
In Roadway 


Fio. 5. Details of pile trestle across the Miles River near Easton, Md. 


7a. Concrete PUe Trestles.— Figures 3 and. 4 give the essential 
details of design of the pile trestles built by the Illinois Central Railroad. They 
can be considered typical of concrete pile trestles in general. These trestles 
replace similar wooden structures over swamps and shallow streams which may 
not be filled and where bridges on more permanent supports would be extremely 
expensive because of their great length. The construction consists of pile bents 
spaced generaUy from 16 to 20 ft. c. to c., and with a height above ground 
not greater than the span. The piles are capped with reinforced concrete 
girders which support the floor slabs. 
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The piles and deck slabs are usually cast in a convenient yard, allowed to 
season from GO to 90 days, and are then hauled to the bridge site. The lifting 
stirrups shown permit of the slabs being set in place by a wrecking crane. 



Piers 2.3.4.6.i 7 

Fig. C ). — Pior dctail^!, lIJinois Central K. R. trestle over Kaskaskia River near New Athens 

lllnois. 

The ballast and track arc laid diroctl}" on the slabs after the longitudinal and 
transverse joints (except at anchor bents) are filled with cement mortar and after 



Fio. 7. — Details of Mozart Street subway, Bloomingdale Road track elevation, Chicago, 
Milwaukee & St. Paul Railway. 

the floor surface is thoroughly waterproofed. The slabs are set on a bed of 
grout on the pile caps. An anchor bent is used at suitable intervals to take 
up longitudinal stresses due to tractive force and, by means of an expansion 
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joint, to prevent any great accumulation of movement of the deck due to tem- 
perature changes. 

A concrete pile trestle for carrying a highway is shown in Fig. 5.^ It was 
found economical to cast the piles, deck slabs, and railing slabs at Baltimore, 
60 miles away, and transport them to the site on scows. Expansion joints were 
located in the roadway slabs, curb, and railing slabs at every fifth bent. 

76. Pier Trestles. — Thin concrete piers are preferable to pile bents 
when the height of bridge above the ground line is greater than about 16 ft. 
Figure 6 shows a typical trestle of the solid bench-wall type built by the Illinois 
Central Railroad. 

7c. Trestles with Framed Bents. — Slab bridges with framed bents 
forming subways are used on at least fifteen railroads in this country. A design 
which may be considiircd tyj)i(*al is shown in Fig. 7. Tlie deck slabs may cither 
be cast in place or cast at sonui central yard and placed in a similar manner to the 
slabs for pile or pier trestles. Jn Fig. 7 the design is shown for slabs to be cast 
in j)lacc. 

GIRDER BRIDGES 

8. Through Girders. -The through girder type of structure (Fig. 8) is adapted 
to spans of from about 30 to 60 ft., and to locations where the clearance between 
higli water and finished grade is limited. This t>q)e is not economical for wide 
roadways — that is, for roadwa^^s of more tlnui 20 ft. in width. 



l'i(i. 8.- -Through girder bridge built in 1920 near Springfield, Illinois — spans 50 ft. each — 

roadway 20 ft. 

In a through girder structure the loads from the roadway surface are carried 
to the girders through the floor slab ; and the girders in turn carry the loads to the 
abutments. In the longer spans the girders are quite large and present a rather 
unpleasant appearance due to their size. 

8a. Allowable Stresses and Loads. — By the use of an expansion 
device at one support of the superstructure, the temperature stresses may be 

i See also Eng, News, Feb. 5, 1914. 
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eliminated, and a much higher working stress may be used in the design. For 
the following example, the superstructure will be designed for a maximum 
compressive stress in the concrete of 1,000 lb. per sq. in.; tension in reinforcing 
steel, 16,000 lb. per sq. in.; bond stress, 80 lb. per sq. in. of steel surface area; 
shear (when no reinforcement is provided), 40 lb. per sq. in.; shear (when shear 
reinforcement is provided), 120 lb. per sq. in. 

The loads will be assumed the same as for the slab bridges — that is, concrete, 
144 lb. i)cr cu. ft.; wearing surface, 50 lb. per sq. ft.; and earth, 100 lb. per cu. ft. 
The live loads will bo cither the engine load indicated in Fig. 1 or a uniform load 
of 125 lb. per sq. ft. of roadway surface. 

86. Design of Floor Slab. — The design of a through girder with a 
span of 40 ft. and a clear roadway of IS ft. will be given in detail. Assume a 
crown in floor slab of 2}^ in., an cffc<*tivc depth of 12 in. at the center of floor 
slab span, a total depth at this point of 14 in., and a total depth of slab at the 
curb of 12 in. (sec Fig. 9). 

Weight of floor slab = (144) = 159 

Wearing surface = 50 


Total = 209 11). per sq. ft. 

Dead load moment = (J'^)(209)(17)" == 7,550 
Live load moment == (8) (525) (8.5 — 4) = 18,900 

Total moment = 26,450 ft.-lb. 

It will be noted that the span length is taken as the distaiuje between hub guards 
rather than the clear width of roadway as the detail of the connection of the floor 
slab to the girders provides a partially fixed beam. 

For = 1,000 and /, = 16,000, the maximum value for the coefficient K in the 
formula M = is 202.5. In this case 


From the curve 


__ (26450) (12) 

( 12 )( 12 )( 12 ) 


183.7 


p = 0.0137 and 
j = 0.84 

A$ required = (12)(12)(0.0137) = 1.973 sq. in. per ft. width of slab. 

By using 1-in. square bars spaced 6-in. centers, the area of steel provided will 
be 2 sq. in. 

8c. Shear in Floor Slab. — For this width of roadway it is reason- 
able to assume that the engine moves over the bridge along the center of the 
roadway so that equal loads are transmitted to each girder at all times. 

At the hub guard the shears, V = (8J^)(209) + (8) (525) = 5,975 

Minus ^hear carried by concrete = 406yd = (40) (12) (0.84) (9.5) = —3,830 

Reinforcing steel should be provided for the difference 2, 145 lb. 

A. required per foot = (y 5 j(o (0.1 99) (0.707) = 

0.141 sq. in. inclined at 45 deg. By using one |^-in. sq. bar on alternate 
floor slab bars, the area of shear steel provided will be 0.1875 sq. in. 
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The unit end shear is 


5,975 


= G2.1 lb. per sq. in. 


(i2)(0.84)(9.5) 

while the maximum allowed is 120 lb. per sq. in. The shear 2 ft. 10 in. from the 
hub guard will be carried entirely by the concrete and the small shear bars, 
r may be discontinued at this point. 

8d. Hanger Bars. — If wo assume that the hanger bars, a 2 , carry the 
entire end reaedion of the floor slab, tlien the area of steel in these hanger bars per 
lineal foot of girder would be 

5,077 
16,000 “ 

while these bars si)aced 24 in. ai)art provide 0.5 sq. in. The length of embed- 
ment of tlu'se bars should be not less than 

(2) (5,077) 

(4) (80) 

8c. Design of Main Girders. — TIk* vv(*ig}it of one gird(‘r and lialf of 
the floor slab per lineal foot of bridge is 2,58() lb., and the wearing surface weighs 
425 lb. per lin. ft., making a total of 8,011 lb. 

Dead load moment = (/^)(8,(}11)(41.5)-(12) = 7,770,000 in. -lb. 

Engine live load moriKnit = 

(10,000) (22^42) + (8,000) (12.42) 

41.5 


= 87.3 in. 


(I9.08)(12) - 2,530,000 in.-lb. 


Uniform live load moment =• (125) (9) (41.5) {^H) = 2,000,000 in.-lb. The 
uniform live load moment will gov(*rn the design. The total moment is ccjual 
to 10,085,000 in.-lb. 

Determination of Coder of Steel and Effective Depth of Uirders. — Try seven 
IK-in. square bars and two ll,s-in- square bars arranged as sliown in the girders. 
The area of steel provided by these bars is 13.4()S sq. in. 

The center of gravity of this steel may be d(*termin(*d as follows: 


0 . of bars 

Ar(*a of 
one bar 

j Distance above 
i bottom of girder 

Product 



(in.) 


2 

1.2050 

12 

30.4 

3 

1.5025 

8 j 

37.5 

4 

1.5025 

i 4 

25.0 

Total 

i 


1 

; 1 

! ■■ 1 

92.9 


The distance from the bottom of girder to center of gravity of the nu'nforcing 
steel is 


92.9 

13.408 


0.9 in. 


and the effective depth 


d = 66 - 6.9 = 59.1 
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Since the coping is quite deep the results will be only slightly in error if the 
width of beam is taken as the width of coping, or 6 = 20 in. 

'> - - »■«« 

A, required = (0.0112) (20) (59.1) = 13.24 sq. in. 

The amount of steel assumed for the girders is sufficient and it will be arranged 
as shown to provide clearance for the floor slab reinforcement. 

Design of Stirrups . — Vortical stirrups will be provided to carry the shear in 
excess of the shear carried by the concrete. 

The total dead load shear at the support is 

(3,011) (20.75) = 62,500 lb. 

The uniform live load shear is greater than that produci'd by the engine load, 
and is 

(125) (9) (20.75) = 23,3101b. 

The maximum end shear is expial to the sum of tliese two values, or 85,840 lb. 

Unit shear, , = ,) - 1^1 lb. per sq. in. 

In this design the shear governs the design of the girder. 

Unit bond, n = 

'Fhe surface area of the main girder steel is ecjual to 44 scj. in. j)er lineal inch of 
girder. 

The stirrup spacing is determined as follows: 


Maximum end shear 

40 bjd = (40) (14) (0.S6) (59.1) 

Shear to be carri('d by the stirrups 


= 85,480 
= 28,330 
= 57,510 lb. 


If square bars are used for the stirrups, the sj)acing of same at the end 

of the girder should be 

(0.5) (16,000) (50.1) (0.86) ^ . 

.57,510 

Similarly, at a point 4 ft. from the support the total shear is 70,190 lb., and the 
sh('ar to be taken by the stirrups is 41,860 lb., requiring a stirrup spacing of 9.7 
in. At a point 8 ft. from the supi)ort, the total shear is 55,840 lb., the shear to be 
carried by stirrups is 27,510 lb., and the stirrup spacing is 14.7 in. At a point 12 
ft. from the support, the total shear is 41,480 lb., the shear to be carried by the 
stirrups is 13,150 lb., and the spacing of the stirrups is 30.8 in. From the point 
12 ft. from the support to the center of the span the spacing will be such as not 
to exceed half the effective depth. 

8 /. Design of Expansion Rockers. — As statc^d above, some means 
must be provided for expansion of the superstructure since no allowance is made 
for temperature changes in the unit stresses used in the design. Cast-iron rockers 
are placed in suitable pockets in one abutment, and directly beneath the girders. 
Sections through a rocker pocket are shown in Fig. 10. The rockers rest upon 
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steel plates and additional plates are placed above the rockers to receive the 
superstructure load. The lower plates are accurately set in mortar beds and the 
rockers arc held in place by means of wooden wedges at the ends of the rockers 
as shown. 

The pockets arc filled with asphalt. A bituminous felt joint is placed along 
the bridge seat to prevent the slab from resting directly upon the abutments. 
Rectangular holes are cut in the bituminous felt to allow direct bearing of rockers, 
steel plate and superstructure. The top plates are held in place by means of 
sticks placed vertically, as shown, and stiff mortar is placed around the edges of 
the plates to prevent, in a measure, possible leakage into the pocket while the 
superstructure is being poured. This method of providing for expansion has 
proven quite satisfactory. 



The rockers are designed so that the bearing per lineal inch does not exceed 
300 D, where D is equal to the diameter of the rocker in inches. In the design 
shown, if a 20-in. rocker is used, the diameter required is 


89,000 

(20)(300) 


14.8 in. 


A 15-in. diameter is used. The rocker should also be checked for column 
action, if it is made comparatively thin and has a large diameter. 

8^. Design of Abutments. — The main wall and the wing walls of the 
abutment will be designed as cantilever retaining walls. The wing walls will be 
placed so that they make an angle with the face of the abutment of 45 deg. The 
wing walls are poured monolithically with the main wall and bonded to it by 
means of reinforcing steel, but no allowance will be made for this in design. The 
maximum stresses used will be as follows: 


Compression in concrete, fe = 650 lb. per sq. in. 
Tension in steel, /, = 16,000 lb. per sq. in. 

Unit bond stress, u == 80 lb. per sq. in. 

Unit shear, v = 40 lb. per sq. in. 

Soil pressures, maximum, 6,000 lb. per sq. in. 

average, 4,000 lb. per sq. in. 

The weights of materials used are given in Art. 8a. 
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^his design will be made for abutments to support a 4(>-ft. span through 
girder superstructure with an 18-ft. roadway, and the distance from bottom of 
footings to crown of roadway will be 16 ft. A section of the wing wall and main 
wall each 1 ft. in length will be designed to resist the horizontal pressure pro- 
duced by the back fill and equivalent to that produced by a fluid weighing 21 
lb. per cu. ft. The width of footings will be made equal to 0.4 the height. 

Quite frequently contracts are let for bridges and grading on a section of 
highway at the same time and to different contractors. In the case of a multi- 
ple span structure, the bridge contractor is required to build the abutments first, 
so that the grading contractor may complete the earth fill adjacent without delay. 



With a slab bridge, where the abutment wall depends upon the superstructure for 
stability, the back fill, of course, should not be made before the superstructure 
is poured. However, with an abutment similar to the one shown in Fig. 9 for a 
through girder bridge, the back fill may be placed before the superstructure is in 
place. The critical period for an abutment occurs just after the back fill is com- 
pleted, and the concrete is comparatively new. 

In the accompanying design, the abutment footing will be investigated for two 
cases. The first case will be with the superstructure and back fill completed. 
This condition will govern the design of the footing on the stream side of the 
abutment wall and the upward pressure of the soil is represented diagram- 
matically by the area cegf in Fig, 11. The second case which will govern the 
design is with the back fill completed and with the superstructure not yet con- 
structed. This condition will govern the design of the footing on the earth side 
of the abutment, and the upward pressure of the soil is represented by the area 
hijh] while the downward forces include the weight of the footing and earth back 
of the abutment wall. The condition resulting from the superstructure being 
poured before the back fill is made, will govern the design of the reinforcement 
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near the bottom of the footing on section hh; but the requirements here are pro- 
vided for if tlie steel provided at section af is sufficient at that point. 

Main Wall Design. — The moment on section ab is equal to 10,130 ft.-lb. 
The stress in concrete on the stream face is 630 lb. per sq. in. due to this cantilever 
moment. The area of steel required is 0.862 sq. in. and 5^ -in. square bars at 
5M-in. centers will provide this amount. At a point 4 ft. 6 in. above the top of 
the footing, K-in. sciuare bars at 11-in. centers will be sufficient. The shear and 
bond stresses on the main wall are small and seldom govern the design. 

The moment on section af is produced by the forces represented by cefg (Fig. 
11) minus the moment duo to the weight of the footing offset. This moment is 
equal to 9,38.5 ft -lb., requiring an area of steel of 0.522 sq. in. Onc-half-inch square 
bars at centers will provide the necessary area of steel. The critical section 

for the footing inaj'' be taken at section 7/m. The total shear at this ix)int is equal to 
3,835 lb., and the unit shear is equal to 23 lb. per sq. in. The surface area required 
for bond per lineal inch of bar is 3.5 sq. in. The steel provided is sufficient. 

The moment on section bh is produced by the forces showp by the diagram 
hijk minus the moment due to the weight of the footing offset and the earth fill. 
This moment is equal to 5,410 ft.-lb. and the total shear is equal to 3,130 
lb., requiring an area of steel of 0.26 sq. in. and a surface area for bond of 2.31 
sq. in.. Five-eiglitlis-inch square bars at IJ-in. centers will be used to satisfy 
these conditions and to make the sjmeing conform to that of the other bars in the 
footing and wall. 

Wing Wall Design. -Tn a similar manner the wing wall is designed for the 
critical sections aft, ac and hd (Fig. 12), for the conditions prevailing with the back 
fill in place. It will be noted that the critical .se(}tions for shear and bond on the 
toe of the footing would fall at the forward edge of the footing, and therefore in 
this short offset these factors need not be investigated. The details of the wing 
walls are shown in Fig. 9. The lengths of wings may be determined in a manner 
similar to that used for the wing walls on the abutment for a slab bridge. 

9. Deck Girders. — With the growing dejmand for bridges on the public high- 
ways with wider roadways to accommodate fast moving traffic, the tendency 
is to turn to the deck girder (Fig. 13) for spans from 30 to 60 ft. in preference to 
the through girder. This is due to the fact that the latter type is restricted to 
roadway widths of about 18 to 20 ft. The rails on the deck girder present a more 
pleasing appearance than is the case with the through girder, since the rails 
on the latter are designed to carry loads and are often made quite bulky and out of 
proportion with the rest of the structure. 

The fact that the deck girder on the other hand requires a deeper floor system, 
resulting in the necessity of raising the grade line, is often a determining factor 
in choosing the type to be used. 

The complete design for the superstructure of a reinforced concrete deck 
girder bridge with a clear span of 45 ft. and a roadway width of 20 ft. will be 
given. The structure will be designed for loads and stre.sses similar to those used 
in the design of a through girder bridge (Art. 8) with one exception. The maxi- 
mum bond stress used will be 120 lb. per sq. in. of surface area of plain bars. 
This high bond stress is considered permissible when at least four of the bars in a 
beam are bent up, and when the bends are made at two or more points at each end 
of the beam. 
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Three girders will be used, so spaced that the maximum moment on all will 
be equal or nearly so, and the size and amount of steel in each may be the same. 
The theorem of three moments is used in the design of the floor slab, neglecting 
the errors due to the varying thickness of the floor slab, the slight difference in 
elevation of the supports, and any stability against rotating at the girder supports. 
Fillets are added as an added factor of safety, and are neglected in the design 
except in computing dead loads on the girders. The width, dci)th and spacing 
of girders will be made as shown in Fig. 15. 



Fio. 13. — Deck girder bridge built in 1921 over Little Calunu't River, Cook County, 
Illinois — spans 45 ft. each — roadway 24 ft. 


9a. Design of Slab. — The slab will be designed as a three-span, 
continuous beam overhanging the supports. The dead load shear at V\ (Fig. 
14) of the cantilever is 590 lb. and the moment at this jx)int is —850 ft.-lb. The 
average w(M'ght of the floor slab between the girders is 140 lb. per sq. ft. The 
shears and moments at the other critical points in the floor slab arc as follows: 


Ml + 4M2 + Ms •= -HwP] Ml = Ms = -S50 ft.-lb. 

- MW-???)- + <«(f» . -340 

^ - Ml + _ -340 + 850 + O.2)(]40)(«.625)* 

V,{D.L.) = ^ g 

540 lb. 

Vj{D.L.) = w/ - Fs = (140)(6.625) - 540 = 390 Ib. 

For the maximum Fs (,L.L.), assume that the slab is loaded with 525 lb. per 
sq. ft. as shown in (o), Fig. 14, then 
Fi(L.L.) = (0.75)(525) = 395 lb. 

Af.(L.L.) = (-395)(-|®) = -148 ft.-lb. M» = 0 

,, ,rr^ 1 „ -(52.5)(6.625)« ,148 

15^^ 4 10 "^4 1>400 ft.-lb. 

-1,400 + 148 (6.625)* 

ViiL-L.) = ^025 ” 




If LT 

(b) Loading for Maximum Shear, 



‘LL525ib^^ft'^ 




(c) Loading for Maximum -t Moment in Slab 
Fio. 14. — Positions of live loads for maximum stresses. 
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For the maximum Vi(L.L.), assume that the slab is loaded as indicated in (6), 
Fig. 14 then 


Mi(L.L.) = M,iL.L.) = 0 
P.(LX.) - i,rl - (»>(»)»») . 

o 


= -2,880 ft.-lb. 
2,175 lb. 


For the maximum positive moment in the slab, assume that the slab is 
loaded as indicated in c. Fig. 14, then 


MiiL.L.) 

M.XL.L.) 


MziLJj.) = 0 


-1,440 ft.-lb. 


Vi{L.L.) = M = 


F,(L.L.) = \wl = 


(7)(.52.'))(fi.G25) 

16 

(9) (52.5) (6.62.")) 
16 ■ 


1,520 lb. 
1,9601b. 


The total dead load on the slab = 140 -f 525 = 665 lb. per sq. ft. 



Ml 

Vt 

Mi 

Vi 

D.L. = 

-850 

540 

-340 

390 

L.L. = 

0 

1,520 

-1,440 

1,960 

Total 

-850 ft.-lb. 

2,060 lb. 

-1,780 ft.-lb. 

2,350 lb. 

The moment is 

a maximum where the shear is equal to zero, or = 


from the outer girder. 

The maximum positive moment in the slab is as follows: 

+M = (2,060) (3.10) - 850 - (665) = -(-2,345 ft.-lb. 


The shear at the point of contraflexure is as follows: 

M = 0 at a point X from the left support or outer girder 

M = 2,060X - 850 - (665) = 0 X = 0.44 or 5.76 ft. 


Shear = 2,060 - (0.44) (665) = 1,770 lb. 


The floor slab at F 2 should be designed for a moment of —340 ft.-lb. dead 
load and —2,880 ft.-lb. live load, making a total of —3,220 ft.-lb. The maximum 
shear at the same point is 390 lb. dead load plus 2,175 lb. live load, making a total 
of 2,565 lb. d = 6.3 in. 


K — = 81 2 ® 

^ ~ (6.3) (6.3) ^ 


A. 


0.0058 j = 0.89 /, = 545 lb. per sq. in. 
(6.3) (12) (0.0058) = 0.44 sq. in. per ft. required 


20' 


2,565 

■(0.M)(i 

2,565 


= mo.mm = 


(80) (0.89) (6.3) 


= 5.72 sq. in. required 


Use square bars, 4^-m. centers, IH in. from top of slab. 
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For the steel in the bottom of the slab, the minimum effective depth is 6.1 in., 
and the maximum positive moment is 2,350 ft.-lb. 

o or.n 

K = (0 1) = G3.0 V = 0.0044 j = 0.90 

The concrete and shearing stresses are low. 

A, = fG.!) (12) (0.0044) = 0.32 sq. in. per ft. required 

= (8())(0.9!))(6.]) = 

Use 3s-in. sq. bars, 4j J-in. centers, 1} i in. from bottom of slab. 

96. Design of Girders.- -The uniform live load distribution to the 
girders is figured as follows: 

Assuming that the uniform live load covers the roadway surface from the 
center line of roadway to the hub guard, M-i{L.h.) = 0 

iVi(L.L.) 

4M2 
Vo 


= (0.75) (125) = 94 lb. per ft. 

- ('’■j")(!M) . 35ft.-ll>. 

4 

_ -334 + 35 -f- (i.i)(l25)fr).(>25)“ 
(i.()25 


= 370 lb. per ft. 


Assuming that the uniform live load covers the entire roadway surface for 
maximum load on center girdc'r, Mi = Mi = 0 


r, = = (5) (125) (6.625) 


51 S 11). per ft . 


The maximum engine live load on the outer girder is e(iual to I'l H- \\ 
+ (1.41)(525) = 395 + 1,550 + 740 = 2,685 lb. 

The maximum engine live load on the center girder is equal to 2 Fa + (1.41) 
(525) = 4,350 -f- 740 = 5,090 lb. The maximum rear axle load on the outer 
girder is (3.83) (2,685) = 10,300 lb. The maximum front axle load on the outer 
girder is 5,150 lb. The maximum rear axle load on the center girder is (3.83) 
(5,090) = 19,510 lb., and the front axle load is one-half this aniount. The maxi- 
mum uniform live load on the outer girder is 640 lb. per lin. ft. of girder, and on 
the center girder the Uniform live load is 1,215 lb. per lin. ft. of girder. 

Live load shear and moments in outer girder: 


Uniform F(L.L.) = (^?;®)(f)40) = 14,880 lb. 

v(T T ^ (44.58) (10,300) , (34.58) (5, 150) 

Engine K(£< L.) = - + ^g g- 

Uniform M{L.L.) = = 173,000 ft.-lb. 

O 

(24.92)(10,300) + (14.92)(5,150) 


Engine M{L.L.) = 


46.5 


= 13,700 lb. 

(21.58) - ^^-■|-^-’(2,086) = 


150,000 ft.-lb. 
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Live load shear and moments in center girder: 

Uniform V{L.L.) = = 28,200 lb. 

lingine K(iX.) - »(p) . 

Uniform M{L.L.) = (1,215)^'*®'^^" = 328,000 ft.-lb. 

o 

Engine A/(Z,.Z,.) = (150,000) = 284,000 ft.-lb. 

Dead load shears and moments: 


y.(U.L.) 

V,{D.L.) 

Fillets 


OUTEU ChltDER 

500 

540 

30 


Center Cihder 

V^{D.L.) 300 

K,(/^.L.) 390 

30 


Total por foot 1,100 lb. 


SIO lb. 


Assume a distanee of 48 in. from crown of finished roadway to bottom of 
center girder. This will make the total deptli of the outer girder and wearing 
surface equal to 40 in. Since the size of gird(‘r is probably dependent upon 
the shearing stnjss rather than the moment, we may assunui j = 0.90 and v = 
120 lb. pijr sq. in. and solv(* for the depth required; thus, correct the assumed dead 
load weight if necessary. 

Assuming that the girders will be 17 in. wide, the weight of the outer girder 
is 780 lb. per lin. ft. and the inner girder, 810 lb. per lin. ft. 

The total end shear on the outer girder = 

V{D.L.) + V(L.L.) = 14,880 + (Ji) (40.5) (1,1 00 + 780) = 00,080 lb. 

. 00,080 , 

The total end shear on center girder = 

28,200 + (K)(40.5)(81G + 810) = 00,000 lb. 

, 00,000 . . . , 

The total moment on outer girder = 

M(L.L.) -f- MiD.L.) = 173,000 + (1,946)^'^®^®^* = 699,200 ft.-lb. 

. • * .1 -1 (699,200)(12) 

Approximate A. required = (i^oOO) (0.90) (33.1) = ^'•® 

The total moment on center girder = 

328,000 + (1,626)^^®^®^’ = 768,000 ft.-lb. 

Approximate A. required = (i6,000)(0:M)(36.0) = 

Try six 1 Ji-in. square bars and six IH-in. square bars. 
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Determination of center of gravity of steel. 


Equation Arrai 

Distancb above 
Bottom of Girder 

Product 

(4) (1.5625) = 6.25 X 

3.0 in. 

= 18.75 

(2)(1.5625) = 3.125 X 

6.5 in. 

= 20.31 

(2)(1.2656) = 2.531 X 

6.5 in. 

= 16.45 

(4) (1.2656) = 5.062 X 

10.0 in. 

= 50.62 


Total A. = 16.968 so. in. Total = 106.13 


106 1 3 

The center of gravity of steel = = C-26 in. above bottom of girder. 

Final Design of Outer Girder . — The effective depth d = 48 — 4 (wearing 
surface) — 2.1 (crown in slab) — 6.26 = 35.64 in. i = 7.4 in. b = 85.75 in. 

d ^ 3^64 “ 

^ (sifsKSS W) ^ = (15) (0.005.55) = 0.0833 

k = 0.3605 
j = 0.91 


. (699,200)(12) _,ro.ieu 

(16.968) (0.'91) (35.64) ’• 

^ (15,240)(0..360.5) ^ 

15(1 - 0.3605) ° ^ 


Final Design of Center Girder. — The effective depth d = 48 — 4 - 0.2 — 
6.26 = 37.54 in. I = 7.7. h = 96.5 in. ?> = 0.00472. j = 0.205. pn = 
0.0708. 

k = 0..333 
3 = 0.91 

, (768,000) (12) 

= (10968)(0.91)(37:54) = ”• 

^ (15,900)(0.333) ,, 

1.5(1 - 0.333) =530 lb. per sq.m. 

The maximum bond stress at the ends of the girders, if all but the four bars 
in the bottom row are bent up, will be as follows (SO = 20 in.): 

Outer girder « = (2())(o.91)(35:C4) = P®" 

rs A • J 66,000 AP ^ 11 

Center girder « = ^o)(a91)(37:M) = P®" 

Shear in Girders and Design of Stirrups. 

At support — Outer girder. 


At support — Center girder. 


V = 


66,000 

(17)(0.9i)(3l64) 


113.5 lb. per sq. in. 
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The center girder has the greater percentage of the live load, so the stirrup spacing 
will be computed for center girder and used in outer girder also. The spacing 
of bars bent up at an angle of 45 deg. should have a horizontal spacing of not 
greater than or 26 in. 

Shear carried by bent up bars in the center girder = 

V - 40bjd = 66,000 - (40) (17) (0.91) (37.54) = 42,7701b. 

Bend up two IK-in. square bars at a point 2 ft. 9 in. from support. These bars 
must extend to a point which is 

(42,770)(33)(0.707) _ 

(10)(86)(37.54)(0.91) 


beyond a point 0.6d below top of slab. 
Shear 2 ft. 9 in. from the support. 


V(D.L.) = (20.5) (1,626) 
(43.75)^1,215) 
■■(2)(46.5) 


V(L.L.) = 


- 33,330 lb. 

- 24,970 


Total K - 58,300 
-406jd = 23,2.30 


Shear to be carried by the steel = 35,070 lb. 

Extend IH-in. square bars 

(35,070)(26)(0.707) _ 
(9)(80)(37.54)(0'.91) ' 


beyond a point 0.6d below top of slab. Provide stirrups to carry V — 406yd at a 
I)oint 2.75 + (2.5) (2. 17) = 8.17 ft. from the support. A maximum stirrup 
spacing of 18 in. will be used from this point back to the support since bent up 
bars are used. 

Shear 8 ft. 2 in. from support. 


V(D.L.) = (15. 08) (1,626) 

(38.33)2(1,215) 


Uniform V{L.L.) = 


(2)(46.5) 


„ . r ^ (33.08) (29,265) 

Engine F(Z/.L.) = - 


= 24,560 lb. 
= 19,210 

= 20,820 


Total F(D.L.) + Engine F(L.L.) = 45,380 

-406id = 23,230 

Shear to be carried by the steel = 22,150 lb. 

, . ir _ (22,150)(12) 

A. required for stirrups (i6,b00)(0.91)(37.54) 


= 0.486 sq. in. per lin. ft. of 
girder 


Use yi-in. square bars, 12-in. centers. 
Shear 11 ft. 0 in. from support. 


V(D.L.) = (12.25)(1,626) 

T. . (30.25) (29,265) 

Engine V(L.L.) = 


A, = 0.50 sq. in. 


= 19,930 lb. 
= 19,040 


Total F 
■-406jd 


to be carried by the steel 


= 38,970 
= 23,230 
» 15,740 lb. 
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A, required = 


(15,740)(12) 


= 0.346 sq. in. per lin. ft. of girder 


(16,000)(0.91)(37.54) 

J^-in. square bars spaced 16 in. apart will provide 0.37 sq. in. 
Shear 15 ft. 0 in. from support. 

ViD.L.) = (S.25)(l,626) = 13,4201b. 

,, . , . (26.2Jj) (20,265) 

Liiginc r(L.L.) = - — ' = 16,510 


Total V = 20,030 
- 40 hjd = 23,230 


0,700 lb. 

ILsd spacing not (o (*xc<*('(I ' jV/ to the center of the sj)an. 

9c. Design of Rockers and Plates. 

Maximum load per rocker = = 03,100 lb. 


A rocker with a length 2 in. less than width of girder will be used. 


Diam. of rocker = 


08,100 

a5)G100) 


15.1 in. Diameter used is 10 in. 


If the bearing stress allowed on concrete is 000 lb. per scj. in., the size of 
plate to use is =111 sep in. An S X 15-in. plate Avill i)rovide suffhneiit 

area for bearing. 

The comi)lete design for the deck girder superstructure is shown in Fig. 15. 

10. Estimate of Quantities of Concrete in Abutments. — In comparing bridges 
of dilTcrcnt types in order to determine the most economical one to use for a 
parti(;ular site, it is very convenient to have some mcajis of (piickly determining 
quantities. Most liighway dei)artment.s have standard plans prepared for 
superstructures, from whi(;h the exact quantities may be obtained, but due to 
the number of variables in the abutments, standard plans are not readily prepared 
to fit all conditions. 

The variables are: (1) Width of bridge seat, (2) height over all, and (3) length 
of wing walls. In Figs. 16 and 17, curves have been plotted with volume of con- 
crete in two abutments as ordinates, and an equation which embodies the three 
variables, as abscis.ssc. These curves may be plotted from actual plans prepared, 
and give fairly accurate results for any combination of roadway width R, height 
of abutments II j and length of wings W, These curves apply to abutments 
similar in design to those shown in Figs. 2 and 9. 

11. Camber in a Single Span. — Camber is provided in concrete structures 
mainly for appearance. A truly horizontal line is rather difficult to obtain in a 
bridge of this type due to possible settlement of falsework as the superstructure 
is being poured. If the lines which are intended to be horizontal — such as the 
bottom of a girder or beam — sag slightly, the effect is quite noticeable and not 
pleasing to the eye. While on the other hand, if these lines are bowed slightly 
above the horizontal or grade line, the resulting effect is pleasing. 

To prevent the possibility of sag in the superstructure, a slight camber is given 
to the falsework. The camber for slab and girder bridges should be about one- 
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twentieth of an inch per foot of span. This would mean in. for a 20-ft. span, 
or 1 in. for a 40-ft. span. 

12 . Camber in a Multiple Span. — ^In addition to the camber in an individual 
span, the tops of piers in a multiple span structure are raised above the elevations 
of the bridge seats at the abutments. The purpose of this is also to present a 
pleasing appearance. The total amount of camber at the center of the structure 

should be to j 260 total length of the bridge. Tliis means that for 

a bridge 500 ft. long the camber should be from 5 to 6 in. The elevations of 
piers intermediate between the faces of abutments and center of bridge may be 
figured as points on a parabolic curve. 

The camber in multiple span slab and girder bridges should not be as great 
as is sometimes provided for in a multiple span arch bridge. 

13 . Piers. — The design of solid concrete piers for highway bridges, with 
distance from bottom of footing to top of coping, up to 25 or 30 ft. is not very 
difficult. A massive pier of this type will usually be found safe against overturn- 
ing if the batter of the shaft is made in. per ft., and the width of shaft at the 
top is made groat enough to provide ample bearing for the superstructures. Tlio 
effect of wind, ice and water pressures rarely need to be considered to determine 
the stability of a plain concrete pier of average height. In northern climates, 
however, sj)ecial provision should be made for ice. The upstream nose of the 
pier may be made of such a shai)e that it will present a cutting edge to the sheet 
of ice, and this edge should be armounid and inclined to the vertical so that the 
pressure will not bo normal to the surface of the pier. The offset of the pier 
footing should be designed as a cantilever with the load on the offset equal to the 
upward reaction of the piles, or, when bearing piles are not used, equal to the 
bearing pressure on the foundations. When the offset is not greater than half 
the depth of footing, it is not necessary to use reinforcing steel. 

In a case where a pier is carrying superstructures with widely differing end 
reactions, the resulting eccentricity of loads upon the pier should be investigated. 

The sha])es of the nose and tail of the ])ier are important factors in determining 
the backwater effect caused by the bridge, and the scouring action of the stream 
around the piers. In an exjxirimeiit with miniature ])ier models of various shai)es 
in a flume at the Argo Dam, Ann Arbor, Michigan,* it was found that the loss 
in head, and consequently a backing up of the water to produce a given velocity, 
was less for an elliptical or half-round nose and tail, than for any other practical 
form. It was also found that the loss in head, due to friction of the water as 
it passes the wetted pier surface, is small and may generally be neglected. 

It is quite important to place solid piers with their sides parallel to the current 
prevailing during flood stages in the stream. Piers placed otherwise present a 
greater obstruction to flow, by reducing the effective opening, and by creating 
eddies which may cause considerable scour around the footings. Whenever 
necessary to maintain a good alignment of the highway, and where the stream 
crosses at an acute angle, it is preferable to design a skew structure. 

Often it is possible to decrease the yardage in piers materially by designing 
post piers similar to that shown in Fig. 18. This pier has a height of 18 ft. 0 in., 

» See ‘‘Obstruction of Bridge Piers to the Flow of Water*' by Flotd A. Nagliib, Profit. Am. 80 c, 
C, £. (1G18), vol. 82, p. 334. 
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and was designed to carry a 28-ft. clear span slab superstructure, with a clear 
roadway of 20 ft. The cost of forms, labor and materials is greater per yard of 
concrete for this type than for a solid pier and the workmanship required is of a 
higher quality. Ihcse facts partially counteract the saving gained due to the 
decreased volume in the pier. The post pier, being of smaller volume, requires 
fewer piles to support it. A pier of this type will probably present a greater 
retarding effect to the flood flow of a stream, than a solid pier, and there is 
possibly a greater danger of drift lodging at the bridge than would be likely 
with the latter. 












Jfcfioii OO 


Fia. 18. — DetaUs of pier for bridgo over Little Wabash River near Louisville, Illinois. 


14. U or “Tied Back” Abutments. — type of abutment sometimes used is 
the ‘‘U” or “tied-back” abutment, the wings of which are designed to resist 
the horizontal thrust of the earth upon the front or main wall, they in turn 
being held together by means of connecting ties. An abutment of this type 
is shown in Fig. 19. 

The main wall is designed as a series of partially fixed horizontal beams extend- 
ing between the wings, using the same principle of design as for a counterfort wall. 
The main steel is denoted by A. The main wall is tied into the wings by means 
of this horizontal steel which is bent around the comers sufficiently to develop 
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its full strength through bond. In practice, it will be found that the require- 
ments of shear and bond rarely govern the design of the main wall except with 
the combination of great heights of abutments and relatively narrow roadways. 
Reinforcement for negative moment should be provided at the juncture between 
main wall and wing. 

Between the crown of roadway and the center of the row of tics, the wings are 
designed as short cantilever walls. The main steel will, therefore, be located Jiear 
the back of the wall. From the ties down to the footing, the wall is assumed to 
act as a vertical beam simply supported at the top by a continuous horizontal 
beam, integral with the wing wall, and which in turn is supported by the tics. At 



the bottom, the wall is supported by the footing. Under this assumption the 
vertical steel will be located near the front of the wall. In order that this assum lo- 
tion may be carried out, it is necessary to introduce a number of horizontal rods, 
as the c and the d bars shown. These are placed horizontally at the (;nds of the 
ties, and are designed to resist the upper reaction of the vertical slab. The wing 
wall may be considered as a simple vertical beam overhanging one support. 
The reaction at the bottom of the vertical beam is assumed to be counteracted by 
the frictional resistance between footing and the supporting earth, and also by 
the inward pressure from the back fill outside the wall. 

The wing walls arc tied together as shown in the figure, the tie steel (a, «i and 
82 bars) being designed to counteract both direct and flexural stresses — ^that is, 
(1) the direct tension caused by the earth pressure normal to the walls, and (2) 
the bending stresses produced in the tie by its own weight and the weight of the 
superimposed earth and live loads. 

It will often be found economical to cut down the effective length of the ties 
by supporting them at intermediate points on short, creosoted wood or concrete 
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posts. The h\ ^2 bars are nominal in size and arc added for the purpose of pre- 
venting cracks due to shrinkage and unequal settlement. 

In general, this type of abutment shows an appreciable economy of materials, 
but its construction requires more rigid inspection than the type shown in 
Fig. 9. 

Special care must be observed, when placing the back fill, to keep out water 
which, if impounded, would cause pressures greater than those for which the 
structure was designed. Since each portion of this structure depends upon some 



Fia. 20. — Proposed abutment for bridge over Kaskaskia River near Carlyle, Illinois. 


other portion for its stability, a failure at one point may result in the failure of the 
entire abutment. 

15. Cellular Abutments. — ^Another type of abutment is shown in Fig. 20. 
This abutment has a height over all of 29 ft. and is designed to carry a 40-ft. 
span reinforced concrete deck girder superstructure. The wing walls are not 
designed to carry earth pressure, since the back fiU inside the abutment is to be 
made only up to the surface of the ground as it exists outside the abutment, and 
the pressure will be neutralized. A slab with two-way reinforcement is provided 
which rests upon the wing walls. A parapet wall at the main wall of the abut- 
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ment is added, also an additional wall connecting the ends of the wings. Since 
the abutment is entirely enclosed, the falsework beneath the slab cannot be 
removed. 

16. Cantilever Bridges. — It is possible to construct a bridge resembling a con- 
crete arch structure in appearance, in locations where the foundation conditions 
would not permit the construction of an arch, due to the large horizontal com- 
ponent of thrust of the arch rib. Figure 21 respesents a structure of this type. 
The horizontal component of dead and uniform live loads are eliminated since 


/j 3 c 



Fiu. 21. — (Cantilever bridge. 

the two arms are the same length, and the unit is balanced over the pier. The 
reactions due to dead and uniform live loads over the entire structure act verti- 
cally. Each cantilever is designed to carry the dead and maximum live loads on 
the half span from A to B. The piers arc designed to carry the maximum eccen- 
tric load caused by the entire dead load of the unit from A to C plus the maximum 
live load on one arm only, and the footings arc designed for the same loading. 

The joint at C is designed to take live load shear, and it is considered that 
there is no arch action from one pier to the adjacent one. 



{Designed by California Highway Commiaaion) 

Fiq. 22.- -Bridgo over Atuhison, Topeka and Santa Fe tracks at Riverbank, California. 


The cantilever bridge has an advantage over a continuous girder bridge, due 
to the fact that slight settlement of the substructure will not cause serious stresses 
in the superstructure, while in the latter type, settlement of the substructure 
may cause considerable damage or possibly a failure of the superstructure. 
Cantilever reinforced concrete bridges are adaptable for viaducts. 

17. Continuous Girder Bridges. — The overhead structure shown in Fig. 22 
consists of two end spans of 26 ft. 9 in. each and a middle span of 53 ft. The 
structure is designed as a continuous girder over three spans. The floor beams 
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are placed parallel to the piers and abutments, and the reinforcing steel in the 
floor slab is parallel to the center line of roadway. The pier footings are about 
7.9 ft. below top of rail and the footings for the abutments are about 6 and 8 ft. 
above top of rail. The details of the structure are shown in Fig. 23. 

A three-span structure of this nature is generally more economical for an over- 
head crossing, than a one-span structure', with the faces of abutments placed at 
the clearance line required by railroad traffic. The abutment footings need not 
be placed at a very great depth, and the size of footings, thickness of abutment 
walls and lengths of wings arc materially decreased. 

On the other hand, a continuous girder bridge requires more careful work- 
manship than a series of simple spans. The load on the pi(*r is greater, requiring 
larger footings. In general, there is little or no saving by the use of a continuous 
girder structure, instead of a scri(is of simple si)ans, and the use of this type is not 
recommended ordinarily for highway bridges. 



SECTION 8 


ARCHES 

By C. B. McCullough 
GENERAL DATA 

1. Terms Used in Designating and Dimensioning Masonry Arches. — Follow- 
ing are some of the more commonly used technical terms: 

Skewhack , — The surface (gemu-ally iricliiu^d) upon which the arch ring or rib 
rests. This surface is the assumed dividing lino between arch and abutment and 
is a purely imaginary plane. Either of the sections a-a, h-h, or c-c (Fig. 2) may be 
assumed as constituting the ski'wback sc^ction without materially afflicting the 
analysis. 



Crown , — The highest point on the center line of the arcli ring. 

Spring Line . — The intersection of skcwback and soffit. 

Soffit . — The under surface of arch ring or rib. 

Intrados . — The curve of intersection of the soffit plane and a vertical plane 
parallel to the center line of the roadway. 

Extrados . — ^The intersection of the curved back or upper surface of the arch 
with a vertical plane parallel to the center line of the roadway. 

Span . — The clear distance between spring lines measured horizontally and 
parallel to the center line of the roadway. 

Rise {Clear ). — The vertical distance between the spring line and the intrados 
at the crown. For unsymmetrical spans, this definition must be qualified by 
designating which spring line is meant. The term '' center line rise, ’’ designating 
the maximum vertical center line ordinate measured from the intersection of arch 
center line and skewback, is also frequently used (see Fig. 2) 

433 
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Spamlrel , — That portion of the structure lying above the arch ring. 

Other Terms . — As designated by Figs. 1 and 2. 

In general, it may be said that many of tliese terms are used rather loosely 
— ^for example, the S])an of the arch rib is often considered as the distance L' or L" 
rather than the clear distance L (see Fig. 2). It is always well, therefore, in 
discussing questions involving such dimensions or (piantities to (jualify or restrict 
the meaning of the terms used so that no confusion will result. 

2. Clas^cation of Arches. — In reference 
to the method in wliich the stresses are dis- 
tributed tliroughout the arch ring, such 
structures may be classified as: 

(1) Fixed or hingcless arclies. 

(2) Single hinged arches. 

(3) Two-hinged arches. 

(4) Three-hinged arches. 




Masonry arches with one and two hinges are a very rare occurrence and possess 
no distinct advantage over the three-hinged type. Arches with three hinges have 
been built of reinforced concrete masonry in several instances, but by far the most 
common type of construction in masonry arches is the fixed or hingelcss tyjK}. 

Figure 3 illustrates the difference between the fixed and hinged tyiKss of con- 
struction. Figure 3a is the ordinary tyjxj of fixed masonry arch rib. The 
massive abutment at the left hand supiwrt is rigidly connected with the arch 
ring (by reinforcing bars in reinforced concrete* construction) and operates to 
hold it in a fixed an^ unyielding jK)sition at this point. The pier at the right hand 
end of the span is more flexible, but ordinarily is so arranged that the dead load 
pressures from the two arch rings meeting at this ix)int balance or neutralize 
each other as far as horizontal movement is concerned. This condition so relieves 
the lateral stress on the pier that to all intents and purposes it may be considered 
as fixed and immovable, and as holding the arch ring in a fixed and unyielding 
position at the right skewback. For very high and slender piers, the deflection 
of the pier is taken into account as discussed in the chapters on arches with 
clastic supports. 

Figure Zb illustrates the general nature of a two-hinged arch rib and Fig. 3c 
that of a three-hinged arch rib. As mentioned hereinbefore, the arch rib fixed at 
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the skewbacks and with a single hinge at the crown is another possible type of 
construction. 

The principle disadvantage in hinged construction with masonry as a material 
is the fabrication of the hinge detail. Figure .36 illustrates the ordinary type 
of pin hinge, and Fig. 3c indicates another ty^xj which is sometimes employed. 

Classified in accordance with the method in which the deck load is carried by 
the arch, this type of construction may be divided into: (1) Filled spandrel arches, 
and (2) open spandrel arches. 

In the filled spandrel typ(i (see Fig. 1), the arch ring carries a longitudinal 
wall at each side of the roadway. This acts as a retaining wall for the spandrel 
filling material. In the open spandrel arch, th(^ deck load is carried longitudi- 
nally by the floor slab to transverse floor beams which are sui)i)()rtcd by spandrel 
posts or columns resting upon the arch rib proper, (hirvcd spandrel arches (see 



Multiccntcred ISCenferedjArch (®) Hlipticof Arch 

Figs. 4a, 46 and -Ir*. 7^'’rGs. 4d and 4e. 


Fig. 1) are sometimes employed for architectural effect. These are usually simply 
curtain walls and have no function in transmitting the stresses from deck to rib. 

The principal disadvantage of the filled spandrel arch lies in the excessive 
amount of dead load from the massive spandrel fill. There is also some question 
as to just liow tlic dead and live loads arc transmitted to the rib, whether the 
pressure of the earth filling against the rib is vertical or inclined (and if the latter, 
at what angle of inclination). The open spandrel arch on tlie other hand dis- 
tributes its deck loads through a definite path and in a definite way. In the 
opinion of the writer, this latter tyi^e is much to be preferred over the filled 
spandrel arch except for heavy moving live loads where the cushioning effect of 
the spandrel fill is a distinct advantage. 

Classified in accordance with the curve of tlie axial line or of the iiitrados, 
arch bridges may be grouped into : 

(1) Semicircular arches (Fig. 4a). 

(2) Segmental arches (Fig. 46). 

(3) Multicentered arches (Fig. 4c). 

(4) Parabolic arches (Fig. 4d). 

(5) Elliptical arches (Fig. 4e). 

(6) Other curves (not in frequent use). 
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Generally the above designation is applied to the intradosal curve, although 
sometimes the term is used to describe the curve of the arch axis. This last 
is particularly true for a parabolic arch rib the axial line of which is generally 
made to lie on a parabola. 

Where arches are sprung from horizontal beds, as in the case of Figs. 4a. 
4c and 4c, the arch is said to he full centered. 

It is sometimes convenient to employ short radius fillets tangent to both the 
intradosal arch curve and to the abutment or pier face (as shown in Fig. Ad) 

thus improving the appearance of the 
design. These fillets, however, should 
not be regarded as adding to the rib 
section — being merely added for ap- 
pc^arance. It is, of course, true that 
such fillets do stiffen up the rib some- 
what at the skcwback, but their effect 
is uncertain and disregarding them in 
the analysis simply errs on the side of 
safety. 

3. Linear Arches.— In order to 
understand the use and significance of 
the linear arch as applied to the selec- 
tion of the curve for arch rings and 
ribs, it is first necessary to consider 
the three-hinged arch rib shown in 
Fig. 5 under the action of the load 
system XF = Fi — Fs and the induced 
supix)rt reactions. 

The loads Fi - Fb, inclusive, arc first 
laid off on a vertical load line (loads on 
bridge arches are nearly always vertical; 
if inclined loads are to be considered, 
the procedure is exactly the same) and 
an arbitrary point o assumed for a pole, 
as shown in Fig. 5. With this pole, the trial ray diagram a — / is constructed, 
and from it, the trial equilibrium polygon a' — Through the points where this 
trial polygon intersects verticals through the respective hinges, closing lines arc 
drawn as shown. Through the assumed pole a, parallels to these closing lines 
arc constructed. These parallels cut off segments 7' and V" on the load line 
which, from the laws of graphic statics, represent to scale the vertical component 
of each skewback hinge reaction transmitted to said hinge by virtue of the half • 
rib acting as a simple beam between crown and skcwback hinges. 

It is apparent that the value of these segments V' and F" is entirely inde- 
pendent of the position chosen for the trial pole and will be the same for any 
position of the pole. 

If the trial equilibrium polygon had passed through the three hinges, the 
two closing lines (closing line No. 1 and closing line No. 2) would have been coin- 
cident with straight lines joining the two skcwback hinges to the crown hinge 
(the hinge lines of Fig. 5). 
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If, therefore, through the points m ana n on the load line, parallels to these 
respective hinge lines be drawn, it is at once apparent that their intersection 
determines another pole o' such that an equilibrium polygon constructed there- 
from will pass successively through each of the three hinges. 

Proceeding in this manner, the equilibrium polygon o'-/' (of Fig. 6) is now 
constructed. It should now be clear that segment o' is identical in value and 
direction with the left reactions also that segment h* is the resultant of 
Ri and Fi] and that segment c' is the resultant of Fi and F 2 , and so on. 

For any section A-A (Fig. 6) considering the left-hand i)ortion of the structure 
as a Jree body in equilibrium, it must be apparent that the internal thrust on 
the rib balances the action of the external 
forces Fi,F 2 and Ri] but the resultant of these 
forces is segment c' of the equilibrium poly- 
gon. Therefore, the internal stress in the 
arch rib at this point consists of an eccentric 
thrust T equal and oi)posite to segment c', 
coincident in direction and applied at th(i 
same point. 

By resolving this thrust into tangential 
and normal components and applying two 
(Mjual and opposite forces N at the neutral 
axis (which last addition obviously does not 
disturb the equilibrium) the stresses in the 
arch rib at this point may b(; represented by: 

(1) A normal thrust N applied at the 
neutral axis. 

(2) A shearing stress J. 

(3) A moment couple M = Np (or Td). 

It should now be apparent that the 
true thrust line or equilibrium polygon must 
always pass through the center of every 
hinge. If this were not the case and if the 
thrust at the hinge was eccentric by a distance p, then a moment couple 
M Np would be developed and the arch would immediately begin to rotate 
about this hinge, coming to rest only when the rib had arrived at a shape such 
that the thrust line did pass through each hinge point. For all hinged arches 
in equilibrium, therefore, the thrust line for any load condition must pass through 
each hinge. 

The equilibrium polygon of Fig. 6, therefore, represents the true pressure 
line under the given load system and the method above described serves for the 
determination of the thrust line for any condition of loading on a three-hinged 
arch. 

For the fixed arch, the pressure line is not so easily located, both its magnitude, 
direction and point of application being unknown. To determine this pressure 
line, therefore, recourse must be had to the so-called “elastic theory" which will 
be explained and demonstrated in subsequent chapters. For the present sufiice 
i t to say that, under any load condition, the location of the thrust line is a function 
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of the clastic distortion of the rib under load and is interwoven with the shape, 
the size and the elastic properties of the rib material. 

The two-hinged arch has two ‘‘control points for the thrust line while 
the single hinged arch has one (see Fig. 7). 

From the foregoing discussion, it is observed that the bending moment on 
the arch rib is reduced to zero wherever the thrust line passes through the neutral 
axis. It is therefore highly desirable so to select the arch ring curve that the 
thrust line to as great an extent as possible fulfills this requirement. 

It is, of course, impossible to secure a condition wherein the thrust line for 
every load condition passes through the neutral axis inasmuch as the live load is 



both a varying and a moving load. It is possible, 
however, to sc'lect a curve such that tlie dead 
load thrust line will very closely follow the 
neutral axis throughout. For hinged arches, 
we have at least one “control” point, and, by the 
method above outlin(id, may develop an eejui- 
libriurn polygon which passes through this con- 
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trol point and any other two selected points. For the fixcid arch, we have no 
control point but may assume for preliminary work that the thrust line passes 
through the neutral axis at the crown and skcwbacks. This is, of course, not 
true but since the eccentricity is not great at the crown, the method is of value 
in roughly indicating the shape of the pressure line. 

Based upon the foregoing discussion, the following methods for determining 
the most advantageous arch ring curve may be developed : 

Trial Equilibrium Polygons, — (1) Assume a trial arch ring, sketch in the rib, 
(with assumed dimensions), the spandrel posts or walls and the deck, railing, 
curbs, etc. 

(2) Compute the dead load of the arch, filling, deck, etc. 

If the arch is an open spandrel arch, the deck loads arc concentrated at the 
spandrel posts; if the arch is a filled spandrel arch, the loads may be assumed 
as concentrated at equidistant points along the rib. 

(3) With these dead loads, pass an equilibrium polygon through the hinges )or 
if there be no hinges through the neutral axis at crown and 8kewbacks( (see Fig. 8). 
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(4) Correct the assumed arch rib curve to lit as closely as possible to the above 
equilibrium polygon. 

(5) Re-compute the dead loads if necessary and correct the equilibrium 
polygon to correspond with these new dead loads. 

The above process is repeated if necessary to correct again for the difference 
between the new dead loads and those first assumed. Generally this is not 
necessary, one trial being sufficient to arrive at a very close approximation. The 
arch rib is not designed as yet so that it is impossible to arrive at the exact dead 
loading, for which reason great refinement at this point is not warranted. After 
the arch is completely designed and detailed, it is sometimes advisable to re-cal- 
culate the dead loads and if the assumcid loads were very far in error, to correct 
the rib design. It is generally possible to assume the dead loads within 10 per 
c(int of the correct value, which is doubtless close enough in view of the inevitable 
variation in the weight of the earth fill, the weight of the concrete and masonry 
materials, the variation in formwork and other factors which make extreme 
refinement in dead load calculation unwarranted. 

For the fixed arch, the pressure line will not fall exactly at the neutral axis 
at the crown as assumed and may also be considerably eccentric at the skewbacks. 
The above method, however, is the best approximation which can be made and 
must serve in lieu of better information as a basis for the preliminary selection 



and spaced eifwdistant 


Fio. 0. - Typical loading for ]):iral)oli> 
linear arch. 



Fuj. 10. -Type of loading for cjitciiariaii 
linear arch. 


of the arch ring curve. The final analysis by the elastic theory will truly indicate 
the exact position of the dead load thrust line and further correction can be made 
if desired after this analysis is made. 

It is sometimes considered better to assume the arch axis coincident with the 
thrust line for full dead plus live load, and sometimes for full dead plus full 
live load in order to have minimum eccentricity of thrust when the thrust itself 
is a maximum. This practice is of doubtful propriety in view of the fact that 
the dead load stresses are of constant duration while the live loadings are only 
of momentary duration. 

For different arrangements of dead loading, the equilibrium polygon or 
pressure line assumes the shape of certain definite mathematical curves, which 
fact is of considerable value in first selecting a suitable curve Such curves are 
termed linear arches for the given load condition. 

The two linear arches most frequently employed are the parabola and the 
transformed catenary. When the dead loads are equal and the dead load concen- 
trations equidistantly spaced along the span, as shown in Fig. 9, the linear 
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arch or pressure line lies very close to a parabola whose vertex is in the crown and 
whose major axis is vertical. For this type of structure, therefore, the parabolic 
arch rib results in minimum dead load moments. 

When the dead load along the rib varies in direct proportion to the distance 
b below a horizontal lino, which is api)roximatcly the condition in a filled spandrel 
arch (Fig. 10), the linear arch assumes the shape of a transformed catenary. 

For the fixed arch, the typo of arch curve selected has also an important bear- 
ing on the value of the temperature stresses in the rib. The following extracted 
from a paper by C. S. Nichols' and the writer, published in the loioa Engineer^ 
March, 1912, illustrates the effect of intradosal curvature as above noted: 

In order to show the effeot of tho different shapes on the temperature stresses occurring 
in the arch ring, and also to show tho tremendous intensity of this stress in a very flat arch, 
four arches, each of .'iO-ft. clear span, and a rise ccpial to one-tenth of the si)an (which has 
represented about the limit in safe design) Avero analj’^zcd for dead load and temperature, 
and the results interpreted graphically. 

Arch No. 1 has for both intrados and extrados .a transformed catenary, whose ccpiation 

/ * -/\ 

is y 2f0i ® — c ® 1 where yo is the distance from the top of tho loading (grade) to tho 

cun'O. This curve may also be written y ^ yo and tho curve may be plotted from a 

table of hyperbolic cosines. This curve, as is well known, is the eciuilibrium polygon or 
linear arch for earth loading below a horizontal line. Arches Nos. 2, 3, and 4 were of cir- 



cular, elliptical, and parabolic intrados, rc.spectivcly, and so constructed that tho moment 
of inertia at each point is equal to the moment of inertia at tho corresponding point on tho 

catenarian arch. Thus tho quantity G (-?) used in computing the moments, thrusts, 
etc., was identical for the four archos. 

A comparison of the intradosal curves of tho four arches (Fig. 11) will show the parabola 
as falling the lowest, the others in the order, circle, catenary and ellipse, the latter affording 
tho groato.st amount of waterway, while a consideration of the stress shoots will disclose the 
following facts. 

As would be expected, the equilibrium polygon for tho centenarian arch follows very 
closely to tho neutral or center line: in fact the only divergence is due to the error introduced 
by replacing the signs of integration by those of summation in tho formulas used. The 
other arches can be placed, as regards bonding stress at tho spring lino (which is largely 
indicative of the stress in tho arch) in the order: Circle, parabola, ellipse, the highest 
stressed being placed last. Figure 12 shows the dead load moments for the four archos 
graphically, and Fig. 13, the same for the dead load thrusts. The excessive thrust on tho 
elliptical arch is due to the fact that although the rise of the intrados is the same for the four 

t Assistant to the Dean and Dirootor, Division of Engineering, Iowa State College, Amei, Iowa, 
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arches, the rise of the center line is much less in the case of the ellipse than in the other cases. 
Although this point is possibly too obvious to deserve mention, yet it is one that is appar- 
ently overlooked by some bridge companies who send in for approval plans fully as extreme 
as this. 



i/ 2 a 4 6 6 7 6 SL 

Disfance along arch ax/s in feet 

Fia. 12. 

From an insix^ctioii of Fig. 14, it is seen that for a given ratio of rise to span 
the thrust due to a rise in temperature will decrease as the arch curve flattens 
out— -that is to say, the nearer the intradosal (or axial curve) approaches a 



Fig. 13. 

straight line joining crown and skewback, the less will be the temperature thrust. 
Figure 15 indicates a similar variation in temperature moments, particularly 
those near the skewback. 
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4. Method of Constructing Various T 3 rpes of Intradosal Curves. — The three- 
centcred arch curve may bo constructed through any throe given points Pi, 
P 2 and Pa as shown in Fig. 16 by means of the radii formula there given. 

The ellipse may be constructed (given the major and minor axes) by the 
method shown in Fig. 17 as follows: 

Construct the major and minor circles as shown and draw any radial line cutti ng the 
minor circle in ai and the major circle in an. A vertical through ai and a horizontal through 
tti intersect in point a which is a iioint on the true ellipse. In this manner, any number of 
points may be determined and the curve sketched in. 



The parabola jiiay be constructed as shown in Fig. 17 as follows: 

Let it be required to pass a parabola through point a and b with its vertex at a and its 
major axis vertical (which is tlie condition desired in open spandrel arch design) . 

Lay off ac and cb and divide each into an equal number of equal parts. 

Draw radial lines from a to the division points on line cb and drop verticals through the 
corresponding division points on lino ac. 

These lines intersect to define points on the parabola as shown in the figure (Fig. 17 ). 



Fia. 1 7 . — Method of constructing the ellipse and parabola. 

It is general custom to use a multiccntercd circular curve approximating 
the parabola or the ellipse rather than these curves themselves, owing to the 
ease with Avhicli circular curves may be laid out for centering diagrams, etc. 
Figures 18 and 19 indicate methods of constructing three- and five-centered circular 
curves approximating the ellipse. It is seen that the assumed points in both 
cases may be shifted somewhat to accommodate the new curve to the true ellipse. 

5. Fonnulas for Most Advantageous Shape for Arch Rings. — Victor H. 
Cochrane in a paper before the Engineers* Society of Western Pennsylvania 
entitled “Design of Symmetrical Hingeless Concrete Arches*' (see November, 
1916, issue of Proc,, vol. 32, No. 8, pp. 647-713) has presented a formula for the 
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axial curve best suited to arches both of the filled spandrel and open spandrel 
type. These formulas are given in Fig. 20. 



Method of construeting a fhne 
ceniored circular curro fo offprar- 
j fmate a give/) e/hpae: 

(l)Select any point cauch that 
j ac IS greater fhan^ act 
\(S)Lay offbOe^ac 
cifJJ^Asect Ckc ate 
'".(d^DroweO, perpendicular tv Ckc 
,\ and intersecting act produced 

mOt 


Then 

0/ and Ck are centers 
of a three centered 
\ \ circular curve egproximating 

\ \ ttJe (dotted) true ellipse 



Fio. IS. 


6. Depth of Filling Over Arch Cover. — TJic gn'atcT the depth of llJling 
over the crown of a filled spandrel arch, the greater the dcjad load stresses. 



\ ' 

Method of constructing ' ' » 

a five centered arcutor \ ^ 
curve to approjrimate a ' ' 

given ellipse. \ \ 

(ODrawc-Qj-O, perpen- \\ 
dicular to ab (This hne inter-- W 
sects the major axis m Qj and " 
the minor axts produced m O,, two 
of the desired centers being thus 
located) 

(2]With radius R,*0,a draw adrcular arc until 
some begins to diverge from true ellipse os at 
point Id 

« off de^bChfon radial hne dOj 
^t Qje at point f 

(5)Draw perpendicdor to eOg intersecting 
radial line dOpn Ok the third desired center 

Fig. 19. 



For cpm ^HXiUrel archtif 

For filloa arches: 

tan9-^[h7.3tj 

Fio. 20. — Victor H. Cochrane's formulas 
for most suitable shape of arch ring. 


On the other hand, the impact stresses for heavy rolling loads will be greatly 
diminished and the distribution of load concentrations will be greatly increased. 
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For highway loadings, a minimum of 12 in. over the crown is needed to avoid 
excessive impact stresses while for railway loadings at least 2 ft. under the ties 
is needed for a load cushion. 

7. Crown Thickness for Preliminary Assumptions. — Before making an analy- 
sis of any masonry arch, the general ring dimensions must bo assumed, these 
being corrected later to conform to stress requirements as indicated by the 
final analysis. 

For this rcasson, it is well to have certain approximate formulas for crown 
thickness and for the variation in ring thickness from crown to spring line as a 
guide to the designer in making his preliminary assumptions. 

There have been several ring formulas proposed, the most commonly used of 
which are discussed in the ** Concrete Engineers^ Handbook** by Ilool & Johnson 
(p. 656) as follows: 

The Weld Formula 


?L 


\/L + 


10 


w w' 
200 466 


Where h = crown thickness in inches. 

L = clear span in feet. 

w = live load (uniformly distributed) in pounds per square foot, 
t/j' = dead load above crown in pounds per square foot. 

The W. J. Douglass Formula (For Highway Loadings): 


Span Length 

Under 20 ft. 
20 ft.— 50 ft. 
50 ft.— 150 ft. 
Over 150 ft. 


Values op Crown Thickness 

0.03 (6 + L) 

0.015 (30 + L) 

0.0001 (11,000 + L*) 

0.016 (75 + L) 


For railway loadings, incrca.se the crown thickness as given above 25 per cent 
for spans up to and including 50 ft., 20 per cent for spans up to and including 
150 ft. and 15 per cent for spans over 150 ft. 

The Joseph P. Schwada Formula: 

^ “ 67.6(r - h)f7K [26 + »■ + + £] 

Where h = crown thickness in feet. 

L = clear span in feet. 

T = rise of intrados in feet. 

fe = maximum stress which may reasonably be expected if arch 
ring is designed in accordance with formula. Values of /« 
from 550 lb. per so, in. to 600 lb. per sq. in. are recommended 
by Mr. Schwada, 

T 

K = a coefficient of fe depending upon the ratio the span and the 

type of loading. Values of K are tabulated for two different 
load conditions in the table below. 

F s depth of fill at crown (feet) exclusive of track and ballast or 
pavement. 

B » weight of track and ballast or pavement in pounds per square foot. 
w B uniform live load in pounds per square foot. 
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Values op Coefficient K 






Span 




Ratio 

20 ft. 

30 ft. 

40 ft. 

50 ft. 

GO ft. 

! 120 ft. 

150 ft. 

0.259 

R0.2G 
11 0.16 

' /i;0.36 i 
//0.25 i 

/go. 41 

7/0.35 

i /go. 44 

1 //0.42 

0.46 

0.58 

0.64 

0.209 

7e0.32 

7/0.20 

/i;0.42 

11 0.30 

7g0.48 

//0.40 

/g().r>2 

7/0.49 

0 54 

0 (i() 

0.72 

0.1G7 

/f 0.38 
7/0.24 

RO 49 

II 0.35 

/gO.55 

//0.45 

/gO.57 

7/0.55 

0.59 

i 0.71 

0.77 

0.143 

/eo.40 , 
//0.27 , 

/go. 56 1 
//0.39 ! 

/gO.59 
//0.50 1 

/go . 61 
//0.6() 

0.63 

0.75 

0.81 

0.125 

7eo.55 i 
7/0.31 

/go. 62 ! 
IIO.U i 

R 0 (i4 ’ 
// 0 55 

7g0 65 
// 0 64 

0 ()7 

0.79 

0.85 


R = railway loadings. II — highway loadings. 

To obtain the aiiproxiinate trial crown thickness ])y tluj above forinula, it is 
necessary first to assume a value of h and solve formula as a check. If th() orig- 
inal assumed value of h is greatly in error, correct the assumption and re-solve 
until the final and assumed values of h check fairly close. 

8. Loadings on Arch Bridges.— For railway arches, the rolling loads usiid in 
arch design are generally Coopers^ standard E scries or standard wheel load 
diagrams of similar character. Most main line structures ani now designi'd for 
loadings equivalent to Coopers' E55 or EGO and for heavy duty lines E70 or 
equivalent is now being enqiloyed. 

Whore earth filling is em[)loyed over the crown of railway arches, the load 
concentrations are distributed through the filling material and the arch ring 
itself may be designed for an equivalent uniform live load. It is gemjrally 
customary to consider any axle load as being carried by three tics and thence 
downward through the fill as a truncated pyramid whose side planes have a 
slope with the vertical whose tangent is equal to 0.50. For railway loadings, 
equivalent uniform live loads range from 600 to 1,200 lb. per sq. ft. 

Ordinary impact formulas for filled spandrel arches may safely be reduced 
due to the cushioning and distributive effect of the same. 

The subject of loadings for highway bridges was quite thoroughly covered 
in 1914 in a report by the Committee on “Reinforced Concrete Highway Bridges 
and Culverts," American Concrete Institute, of which the writer was Chairman. 
This report was presented and adopted by the Institute February, 17, 1914, 
and the following is cxtraccd therefrom: 

Dead Load. — For important construction, or that requiring a nicety of design, field 
measurements of the actual unit weights of the materials to be used may be warranted. 
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The ordinary structural materials will not vary materially in unit weight. For filling mate- 
rial under different conditions of drainage, consolidation, etc., the unit weights are not so 
uniform. Thus the weight of earth filling may vary by more than 40 per cent. By means 
of small brass cylinders carefully driven into the material in situ, data have been collected 
concerning the maximum density of earth filling under varying conditions. The range of 
unit weights which may be expected is illustrated by Table 1 from results of actual measure- 
ments as above described: 


Tahle 1. — Weights per Curic Foot of Solid 

Undisturbed Soil 

IN Place 

Kind op Material 

Damp Saturated 

Black top soil . 

94 

105 

Yellow clay 

. . . 121 

123 

Sandy clay ... 

lOG 

115 

(Jlayoj'^ sand 

123 

132 

Blue clay 

.... 114 

118 


In view of the fact that a difference in weight ma 3 ’' affect the <]esign to a considerable 
degree (particularly in abutment and spandrel fill arch design) j-’otir committee recom- 
mends for all important construction accurate measurements to determine the unit weights 
of filling malerial. 

In Ihe absence of accurate experimental data for the particular case involved, the follow- 
ing unit weights may be taken as representing average values: 


Materials 


LU. PER 

Cu. Ft. 


Karth filling . 120 

IMaiii concrete. . 145 

Reinforced concrete ... 150 

Steel . 490 

Cast iron ... .... . . 450 

Vitrified brick 140 

Common brick .... 125 

Granite and limestone masoiiiy ... 105 

Sandstone ... 140 

Macadam-Tolford .... ... 150 

Pine, fir, etc 42 

Oak and yellow pine 48 

Creosoted timber 60 


Live Loadings. — Conditions governing the selection of a standard live loading over a 
territory of the size occupied by the membership of this Institute are so widely varied that 
to design for a loading which in one locality would be no more than safe practice would 
result in extravagance for less populous localities. 

The live load which, in the interest of both safety and economj” of first cost, should be 
selected is that loading to which the bridge structure during its estimated life is likely to 
be ordinarily subjected. This involves not only a study of the traffic conditions of today, 
but a prediction of future development, which latter can be based only on a careful study 
of past growth. To emphasize the magnitude of this question and the tremendous waste 
of funds which might easily accrue to the taxpayers of the United States through an 
improper selection of loadings for their highway bridges would be superfluous. 

It is hoped that in the near future, through correspondence with manufacturing firm» 
and street railway officials, and through co-operation with the engineering profession in 
general, more data looking to the selection of proper loading assumptions may be collected 
by this committee. 

After a consideration of the data at hand, the following recommendations are offered 
pending further investigation : 

Class A Bridges . — City bridges and bridges on main thoroughfares leading therefrom. 



448 REINFORCED CONCRETE A ND MARONRY STRUCTURES [Sec. S-8 


Concentrated Live Load. — A motor truck of the fullowiiiK dimensions and weights 

Total weight 50,000 1b. 

Weight on rear axle 33,000 lb 

Distance between axles .... 10 ft. 

Width of tread of rear wheels 24 in. 

Distance between centers of rear wheels 6 ft. 

Roadway space occupied, width. . . ... . . 10 ft. 

Length . . ^ 30 to 30 ft. 

For city bridges in the .areas of heavy traffic (especially if a crossing at either end of the 
span operates to hold up traffic), it not infrc<iiieiiily hapi)e!is that trucks of this character 
follow one another so closely as to constitute a connected string reaching more than across 
any ordinary single span. Outside the limits of the heavy iraflic areas and on the tributary 
main highways, the possibility of more than two trutiks being upon the span at any one time 
is exceedingly remote. 

It is, therefore, recommended that for the former locations as many of the above motor 
trucks as are necessary for maximum stresses be considered on the structure at one time; 
for the Latter locations the number may in all safety be limited to two. 

The following alternate uniform live loadings arc reconjmondcd: 


Span (ft.) under SO SO-100 100 12.5 125-1.50 150 200 over 200 

Lo.ads (lb. per sq. ft) 125 110 100 90 85 80 


It is further recommended that the above uniform live loading )jc assumed to occupy 
all or such portion of the roadway area not occupied by the motor truck loading as is neces- 
sary for maximum stresses. 

Sidewalk Loadings. — The greatest legitimate loading likely to bo imposed upon a bridge 
sidewalk will rarely exceed 90 lb. per sep ft. of area. 

In this connection it is recommended (especially for city bridges) that special precaution 
be taken to protect the sidewalk area from any of the street traffic. If the details of the 
design are such that this cannot be done, it is recommended that the sidewalk area bo 
designed for the maximum street traffic. 

Class B Bridges. — The minimum requirements for ordinary highway traffic should 
probably be within the following limits: 

Concentrated Live Loud. — A traction engine or motor truck within the following limits; 


Total weight 

Concentration on rear wheels. 
Distance between axles ... 
Distance between roar wheels 
Width of tread of rear wheels 


30,000-30,000 lb. 
60 !^^ % 

10-12 ft. 

5-6H ft. 

20-24 in. 


Only one such vehicle need be considered upon any single span at one time. The floor 
area occupied by the above live loading may be taken as 10 ft. in width. 

The alternate uniform live loading on Class B spans of varying lengths may safely be 
assumed as follows: 


Span (ft.) under 80 80-100 100-125 125-1.50 1.50 -200 over 200 

Load (lb. per sq. ft.) 100 90 80 75 65 60 


Class E~l. — Bridges carrying ordinary electric railway traffic. It is recommended that 
these bridges be designed to carry a concentrated live loading of the following dimensions 
and weights: 


Total weight 100,000 lb. 

Number of wheels (on two trucks) 8 

Spacing of wheels, center to center 7 ft. 

Spacing of trucks, center to center 20 ft. 


Each axle load distributed over three ties. 
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Special Bridgea , — The electric railway loading above specified will doubtless be exceeded 
by the heaviest interurban traffic and by heavy electric engines carrying freight, which 
latter may exceed 100 tons. These, together with loads rosiilting from traffic from mines, 
quarries, manufacturies, etc., all constitute a special class and bridges carrying same should, 
of course, bo designed to meet local present and future requirements. 


The following is extracted from the specifications used by the writer at the 
present time for the design of reinforced concrete highway bridge work in 
Oregon. 


For purposes of design, all bridge structures to bo constructed in accordance with these 
specifications shall bo grouped under three principal traffic, classifications, as follows: 

Class A Trajffic, 

This classification shall include: 

(1) All ponnaneiit structures on State Highways. 

(2) All permanent structures on roads other than State Highways which are or may be, 
during the estimated life of the structure, paved with a hard surfacing material. 

(3) All permanent structures, on roads other than State Highvrays, falling outside the 
above classifications, but which may, during the estimated life of the structure, carry a 
considerable percentage of heavy motor traffic. 

(4) All temporary construction where traffic requirements during the estimated life of 
the structure appear to warrant such traffic loading. 

Class B Traffic, 

This classification shall include: 

(1) Any construction, cither permanent or temporary, on lateral and secondary roads 
which by virtue of its location will never be called upon to carry other than horse-drawn or 
light motor vehicle traffic. 

Class C Traffic, 

This classification shall include: 

(1) Any special traffic structure such .as those on main thoroughfares radiating from 
Largo centers of industry, structures carrying interurban, street or suburban railway traffic, 
etc., etc. 

The dead loading sliall comprise the .actual w'cight of the structure for w'hich purpose 
the following unit weights .shall be used: 


Matekials Unit Weight 

(Lb. per Cu. Ft.) 

Plain concrete 145 

Reinforced concrete 150 

Earth filling (wot or packed) 120 

Gravel filling 135 

Btool 490 

Cast iron 450 

Vitrified paving brick 140 

Common brick 125 

Stone masonry (ordinary) 165 

Stone masonry (granite or like materials) 170 

Macadam 150 

Untreated timber (fir, Oregon pine, etc.) (green) 48 

Untreated timber (oak or like material) 50 

Creosoted timber 50 

Bituminous surfacing 130 

Snow 35 

Brass (cast, rolled) 536 

Lead 710 
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Bridges carrying Class A traffic shall be designed for a concentrated loading consisting 
of a motor truck of the following dimensions and weights: 


Total weight 

Weight on rear axle 

Weight on front axle 

Distance center to center wheels 
Distance center to center axles . . 

Width of each rear tire 

Total roadway space occupied . . . 


40.000 lb. 

28.000 lb. 

12.000 lb. 

6 ft. 0 in. 

10 ft. 0 in. 

2 ft. 0 in. 

21 ft. 0 in. X 10 ft. 0 in. 


That portion of the road area not occupied by the above concentrated loading shall bo 
considered to carry the following uniformly distributed live load: 

Uniform Live Loadings (Class “A” Tratlic). 


T\mform Live 
Load (Lm. pkk 

Span Length Sq. Ft.) 

0 -100 ft 100 

100-150 ft 90 

150-200 ft 80 

Above 200 ft . 70 


Bridges carrying Class “B” Traffic shall l^e designed for a live lo.ading con.sisting of 
from 50 to 80 per cent of the loading designated for Class “A," depending on the location 
and probability of increased traffic. 

Bridges carrying Class “(J” traffic shall be designed to moot the special nMpiircment.s of 
eacli individual case. 

All structures having a clear roadway width of 20 ft. or groalor shall bo designed for 
two motor trucks passing, headed in the same direction. I'or roadway widths less than 
20 ft., only one truck shall be considered. 'I’ho space at the side of the truck is not to bo 
considered as loaded with uniform live load. 


9. Internal Temperature Range in Masonry Arches. — change in tlu^ 
internal temperature of the masonry in a fixed arch ring will causes the ring to 
rise or fall at the crown and (because it has no hinges) thus introduce stress in 
the material. 

During the years 1909 -1913, Professor C. S. Nichols (then Assistant Director 
of the Iowa State College Engineering Experiment Station), II. IL Walker 
(now State Engineer of Kansas) and the writer conducted a series of investigations 
looking toward the determination of internal temperature range in masonry 
structure.s in Iowa. 

Measurements w(;rc made by means of both Mercurial Soil Thermometers and 
Electrical Resistance Coils, the methods used and data secured being given in 
complete detail in Bulletin No. 30 of the Iowa State College Engineering Experi- 
ment Station. 

The following is extracted from the conclusions set forth in this investigation : 

(1) The yearly range in temperature in a reinforced concrete arch structure, typical 
of the highway arch construction in this State (Iowa), is, in this latitude, not far from 
80 deg. F. 

(2) The relation between the depth of concrete covering at any point and the yearly 
temperature range may bo represented by the equation 

y « 90 - 

where y <=> the yearly temperature range in degrees Fahrenheit, and 
X a the distance from the nearest exposed surface in inches. 
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However, the effect of the different factors, such as the presence of a water surface, direc- 
tion of prevailing winds, etc., so modifies the results that the writers prefer to state their 
conclusions as in (1), giving an average value for points throughout a structure of this type. 

(3) The amount of direct sunlight modifies somewhat the actual temperature in the 
concrete for a considerable distance into the interior of the mass, although, on account of 
the meager nature of the data gathered, no more definite conclusion can be stated. 

(4) The data on the “lag" seem to show that in structures of this type the minimum 
temperatures are attained in time intervals anywhere from less than one day to four days 
after the atmospheric minimum. This interval depends upon the position of the portion 
of the structure considered, and is roughly proportional to the distance from the nearest 
exposed face. 

(5) Because of the high temperature in the concrete when it attains its set, and the 
effect of atmospheric temperature upon this maximum, other conditions being equal, the 
pouring of an arch ring at a temperature near the atmospheric mean annual operates 
materially to lower the stresses in the ring induced by temperature variation. 

(G) To render an arch ring structurally safe, provision should be made, in this latitude, 
for stresses induced by a temperature variation of at least 40 deg. F. each way from an 
assumed temperature of no stress. Particular circumstances may demand that a greater 
variation be used for drop in temperature to prevent the appearance of cracks. This 
will always remain largely a matter of judgment with the designing engineer. 
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ANALYSIS OF ARCHES 

10. Fundamental Theorems Relating to Internal Work in Ribs and Frames. — 

The anal 3 "sis of the fixed arch is based upon what is generally known as the 
mathematical theory of elasticity. The fundamciiital clastic equations which 
form the basis of this theory may be derived from a consideration of any one of 
several basic mathematical concepts, for example: 

(1) From a consideration of Castigliano^s theorem regarding the partial 
derivatives of the internal work. 

(2) From a consideration of the law of mutual elastic equilibrium or virtual 
work. 

(3) From the laws governing clastic displac(uiients in ribs and frames. 

Any one of the above methods yields a series of elastic equations practically 

identical in form. The last named method of derivation — namely, that based 
upon a consideration of clastic displacements — has been chosen for this dis- 
cussion because of its comparative simjdicity. 

In order that the ai)plication of this theory of analj^sis may be thoroughly 
understood, it is necessary to preface the treatment of arch analysis i)roper b}'^ a 
brief consideration of the fundamental laws of internal work in ribs and frames. 
This consideration forms the subject matter of the subscciueiit paragraphs. 

10a. The Laws of Internal Work in Structural Frames. — The 
structural frame, which as hereinafter treated may be made to include the 
solid web structure as well (see Art. 10c), may be regarded as a machine in 
motion. The motion is intermittent, occurring only when the equilibrium of the 
system is disturbed, as when loads arc added, altered, or removed from the 
structure. 

Consider any clastic framed structure under zero loading and having zero 
stress in each of its members. As external loadings are gradually applied, a 
slight change in form tak(?s place, the points of application of the external loads 
execute small displacements and the internal stresses, which arc now set up in 
the various members, are moved through small distances equal in each case to the 
distortion in the member. At tiie instant of application both external loads and 
internal stresses have zero values from which they increase gradually and simul- 
taneously, reaching their maximum values at the same instant. 

If, at any instant, the value of any external force is F, its average value during 
the period of application is obviously (F + 0) 2, or J^F. If the displacement of 

the point of application of this force parallel to its line of direction be represented 
by the symbol A, it follows from the laws of mechanics that the work done by the 
force thus far may be represented by the expression HFA, 

The total work performed thus far by all the external forces of the system is 
obtained by simply summing the terms >^FA for each external force acting, thus 

Wb « HSFA (1) 

As the loading has progressed each of the members has been required to change 
length, by a certain small amount X, in order to accommodate itself to the new 
distorted shape of the frame. This linear distortion has in turn induced a stress 
in each member whose value at this instant is 8 and whose average value 
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during the period of loading is obviously {S + 0) 2, or yiS. The internal work 

performed by each member in resisting distortion is therefore 

VzSX 

and for all the members of the frame, we may write 

Wi = (2) 

At the instant of application of loading the sturcture is at rest, the kinetic 
energy or energy of motion is zero and the condition is one of static equilibrium. 

The application of the load disturbs the balance and the machine is set in 
motion. The term SFA at any instant represents the externally applied work. 
The term y represents the work of resistance or the work which must be over- 
come by the external work. Obviously, the difference between these two values 
represents the amount of external work available for imparting kinetic energy 
or energy of motion to the structure, so that we may write for any instant 
during the motion 

— y 2>SX = Kinetic energy imparted to structure 

As the loading progresses, more and more of the kinetic energy is absorbed 
by the internal members until a point is reached where the internal and external 
work just balance. We then have 

Kinetic energy = — J^2^'X == 0 (3) 

and the structure again comes to a point of rest. 

This second rest point may be termed a condition of elastic equilibrium, whose 
fundamental law may be stated thus: 

Wj = Wj, (4) 

This equality Surnishes the basis for the determination of stresses in all structures 
not susceptible of analysis from the laws of pure statics. 

Whenever a force and the displacement of its point of application act in the 
same direction, the sign of the work is positive. When the direction of the force 
is opposite to that of the displacement, the sign of the work is negative. 

In general, the external forces representing loads are displaced in the same 
direction in which the force acts, though this is not always true. The internal 
work, however, is negative as the displacements of the extremities of the members 
are opposite in direction to the tendency of the stress. 

To illustrate, a tensile stress in any member operates to pull the pin points at 
its extremities together, while the actual displacement is a movement in the 
opposite direction (a lengthening of the member). 

The internal work may also be regarded as negative in the sense that it repre- 
sents the stored up energy of resistance, the resilient energy of the structure. 
As the loads are gradually released, it is this energy that operates to bring the 
structure back to its normal position, and, in changing from a negative value to 
zero, it performs positive work. 

From Hooke's law of stress and strain proportionality, it follows that the term 

SI 

X in eq. (2) may be replaced by the expression where S represents the stress 
in the member, I its length under stress, A its oross-seotional area and E 
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the modulus of elasticjity of the material of which it is composed, 
fore write, for bodies in clastic equilibrium 



We may there- 


(5) 


which is, in certain cases, a more convenient form for practical use. 

For an uniform change in temperature of t degrees, the internal stress in 
each member of the frame increases gradually from the value S to the value 
(S + St)j the average value during the change being (5 + HSi). During this 
time the strain or distortion is rei)rosented by the expression X/ = cM. where c 
is the coefficient of expansion and I represents tlie length of the member. The 
total internal work is therefore given by the cx])ression 

11 '/, = 

The external work, since the forces F remain at a constant value, is obviously 
W Et = 2FAt, where At represents the displacement of the point of application 
of each force due to internal temperature strains. 

Equating these two, we may write 

2:FAt = ^Scll + (()) 


for any structural frame at rest and in clastic equilibrium. 

In general the term St is zero for simple spans and cantilevers. In other words 
the frame, being free to move, simply adjusts itself to the new lengths of its 
members and is therefore unstressed under tcmpfjrature changes. 

If any of the supports arc elastic, the corresponding reactions are moved 
through certain dis])lacomenta A and thus ]wrform negative work (negative 
because the force and its displacement act in opposite directions). We may 
then write eq. (5) 





1 Y 

2^ AE 


(7) 


In other words, a ])ortion of the externally ai)plied work yiZFA must be 
consumed in overcoming the elastic, resistance of the supports and conseciucntly 

the work ^ ' {jr ^il^'^^^rbed by the internal sj'^stem will bo less by that amount. 

The comj)lete work equation, including the cffe(;t of temperature changes and 
reaction displacements, may be written 

+ 2f’A, - 2 A, = 2 2 'H’ + 


The term A as herein used docs not refer to the actual movement of the point of 
application of a force, but to the component of this movement parallel to the lirw^ of 
direction of the force, otherwi.se the above equality does not hold. Unless otherwise 
specifically defined, the terms A and 5 are used in this sense through the discu.s.sion. 

In the application and derivation of the theorems which form the subject 
matter of this and subsequent articles, it will be understood that: 

(1) All deformations are within the elastic limit of the material. 

(2) Any change in form, cither of a beam or a frame is slight. (This is in 

accordance with observation of ordinary engineering structures under 
loads within the elastic limit.) 

(3) Tensile stresses and strains of elongation are considered as positive; 

compressive stresses and strains are considered as negative. 
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106. Deflections and Panel Point Displacements in Frames. — 

Consider the curved cantilever frame, shown in Fig. 21, at rest and under zero 
loading. If any load F 6 acting in any direction, and applied at any panel point 6, 
is imposed upon the frame, the same will cause a distortion of the members and a 
deflection of the frame. 

Let it be required to find the vertical deflection of panel point c, due to this 
load Fb applied at panel point 6. ^ 

Let S = the stress in any member of tlie ^ 

frame due to the load Fb. a 

X = the distortion in such member \ l \ 

due to the stress S. uK \ / \ /£ 

Abb = the displacement of panel point 

6 (measured parallel to the line ^ 

of action of Fb) due to the force ^ 

Aoc = the desired vertical deflection of | r — ^ /a ^ 

])anel point c due to this same load. I \ / 

From the equality of internal and external ^ \ / 

work stated in eq. (5), we may write (fortlio 
load Fb alone) 


I 

I 

I 

if 


ipA 


Fig. 21 . 


Now let US apply an auxiliary load equal to unity at panel point c, acting in the 
direction in which it is desired to determine the deflection (in this case vertically). 
Let ,% = the stress in any member of the frame due to this unit load 

See = the vertical disidacenient at panel point c due to this unit load. 
deb = the displacement at i)anel point 6 due to this unit load measured 
along the line of action of the force Fb. 

The addition of this unit load has increased both the internal and external 
work as follows: 

Additional internal work = x(^S + 

AE 

Additional external work = ^ ^cc + Fbdcb 

These two according to the preceding article must be equal, therefore 

2^.‘ + = Siff + 2 S Air 

If the above two loads were to be applied simultaneously, equating the 
internal work to the external work would yield the following expression : 

+ W + J(unity)(At. + Sec) = + Sc)"- 


^FbAbb + "*■ 2^‘’* ” 2^AE •^AE 2-W AE 

If all loads were released and the unit load alone applied to the structure 
equating the internal and external work would yield the following expression: 


i (Unity)5cc = ‘ 


1 S(«c)*Z 



456 REINFORCED CONCRETE AND MASONRY STRUCTURES [Sec. 8-lOb 


Substituting from eqs. (9) and (12) in eq. (11) and canceling like terms we have 

(13) 


4- 2^^ 


Substituting from eq. (12) in cq. (10) and canceling like terms, we have 

>:*sv 


^^ 55.5 = 


AE 


or 


1 


(14) 


Substituting for h\^cb 
each side, we have 


in cq. (1.‘0, canceling and multiplying by 2 on 





This is the expression for the desired deflection Air and may be expressed by 
this important rule: 

3’o find the displacement or deflection of any point in a structural frame in any 
given direction and under any given set of load conditions^ proceed as follows: 

(1) Place an auxiliary unit load at the panel point at wluch tlic deflection is 
desired. This auxiliary load is to be assumed as acting in the direction along 
which the deflection is desired. 

(2) Compute the stresses in the given frame due to the given loadings, calling 
these stresses “/S.” 

(3) Compute stresses in each member of the frame due to the auxiliary unit 
load, calling these stresses 

(4) Compute for each member of the frame the length I and the cross- 
scctional area A. 

(5) The desired deflection A is then given by th(i expression 


A = 


'^Ssl 

AE 


(16) 


the summation being for each member of the frame. 

The above law is entirely general and can be applied to any frame for any load 
or set of loads and for the calculation of deflections in any direction. For example, 
if the unit auxiliary load shown in Fig. 21 had been taken as horizontal the values 
of 8c would have been entirely different and the result would have expressed the 
horizontal displacement of panel point c. 

If the result comes out negative, it simply indicates that the true movement 
is opposite in direction to that assumed for the unit load in computing the values 
of 

Temperature Displacements . — If instead of the load Ft of the preceding dis- 
cussion the vertical deflection at panel point c, due to a change in temperature, 
were desired, we have only to reason as follows: 

The deflection Abe was caused by the linear distortion in the various members 
due to the load Ft, which linear distortion was represented by the expression 
SI 

A change in temperature of t degrees will, obviously, distort each member 
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an amount Xi — cU, where c is the coefficient of thermal expansion, and I 

is the length of the member. If this distortion is substituted for the distortion 
SI 

write the expression for temperature 

deflection at panel point c as follows : 


A,e = i:sc(ctl) (17) 

Ate represents the displacement of panel point c due solely to a uniform change 
in temperature of t degrees in the various members of the frame and is measured 
in the direction assumed for the auxiliary load (in this case vertical). 

Effect of Reaction Displacements. — Throughout the foregoing the supports 
have been considered as inelastic, in which event the work done by the reactions 
is zero. If, however, these supports do yield under load, the work done by the 
reactions is not zero and must be considered. 

Consider, as an illustration, the case shown in Fig. 21. The effect of the 
rigid anchorage at the right-hand end of the cantihiver beam may be rci)resented 


Riffidst^ppor^ 



R^ic/suppor^ 


by two reactions R^ and Ri^ whose 
numerical value and direction of action 
may be easily determined from statics. 

If each of these reactions is supplied 
by supports which are elastic or yielding, 
it is apparent that the movement of the 
same will have an effect upon the deflec- 
tion Abe, as determined above. 

If these two clastic supports were to 
be removed and elastic frame members 
(resting in turn upon rigid supports) 
inserted in their stead (as shown in Fig, 

22) it is at once apparent that the deflection at any point such as Ahc remains 
unaltered — provided^ the movement of these new frame members is the same as 
that of the yielding supports. 

Let 

Ar represent the movement of any clastic support under the given loading, 

fc represent the reaction a^ this same support induced by a unit auxiliary 
load at point c. 

Applying eq. (15) to this new frame we have 


Un/f bad w 

Ab/fe - The hvo new ebshc members ( 

are so freporf toned as fo dkfkri 
under any load, cxacHy Hie same 
amoonf as Ihe e/ashc su^iorh 
which fhey repkKe 

Fig. 22. 


AE A'E 


(18) 


where S', Z', etc., refer to the two new frame members. 

Since from the original hypothesis these two new frame members exactly 
reproduce the movement of the original clastic supports, we may write, for each 
support 



(19) 


Also, from inspection 


Tc = 


( 20 ) 


Therefore 


SiSfScZ 


458 REINFORCED CONCRETE AND MA80NR Y STRUCTURES [Sec. S-lOc 


The effect of support displacements, in general, is very slight in well-designed 
arch construction and ordinarily is not considered in the analysis. For particular 
cases, however, it becomes necessary to consider the clastic movement of the 
abutments and piers, in which event the above equation becomes of value. 

The general equation including the effect of temperature changes and reaction 
displacements may be written 

A + A, - 2:rA, = X 

If the desired displacement A is an angular rotation instead of a translatory 
movement as above, the law stated in cq. (22) holds, the only difference being 
that the auxiliary unit load employed must, in this ciise, be a unit moment couple, 
and the stresses s must be taken as the stn^sses resulting from the application 
of this unit moment coni)le. (This may be easily proved from the general princi- 
ples above developed; tlie detailed dcunonstration lu^ed not be given here.) 

10c. Work Expressions for Solid Web Beams and Cantilevers. — 
The fundamental principles, the demonstration of which form tlie subject matter 
of the foregoing articles, are based uiK)n a ct)nsideration of framed structures. 
Let us now consider the case of the homogeneous beam or solid webbed structure. 

Consider the structure sliown in Fig. 2.‘1, a homogenc'ous, solid curved beam, 
hinged at one end and freely supported at the otluT, under the action of a certain 
system of external loading SF. Th(i structure is at rest and in clastic equilibrium 
(sec Art. lOa), hence we may write 

}Vj = We (as iiieq. (4)) 

The external work is obviously re])resented by tin' (‘xpn'ssion * 2 ^FA — ^7fAr 
(see eq. (7)). The internal work corr(\sponding to tJie expression ^ 
will now be cvaluatc'd. 

Consider any lamina, a-b-c-dj of the beam included between two consecutive 
cross-sections whose distance apart is r(»presented by the term ds (Fig. 23a). 

The stresses inductMl in this lamina by the gradual application of the external 
load system 2F may, obviously, all b(» resolved into two components, to wit: 
Ri representing the resultant of all stresses transmitted to the lamina from that 
portion of the beam on the right, and R 2 repn'seiiting the resultant of all those 
forces transmitted to the lamina from the left. Each of these forces being 
unknown both in direction, amount and point of application may be represented 
by a normal force N applied at the neutral axis of the section, a tangential or 
shearing force V and a system of graded forces / (increasing from zero at the 
neutral axis to a maximum value at the extreme fibers) representing the stress 
couple, 

M = Np 

Figure 23 shows the lamina a-b~c-d as a “free body“ under the action of 
the two resultant forces Ri and R 2 and also shows these two forces resolved 
into the six unknown elements Mi, M 2 , iVx, N 2 , Vi and 72. 

From the figure it is apparent that 


AT, = Nt 

(23) 

Vi = Vt 

(24) 

Ml ^ Mt+ 

(25) 
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Each of the three forces, M and V cause a certain distortion of the lamina 
and hence the total internal work will comprise 

(1) The work of the normal force N. 

(2) The work of the bending moment M. 

(3) The work of the shearing force V, 

The derivation of the expressions for the above work elements is given in 
complete detail in Art. 12a. Following are the results of such derivation:, 

W IS (tlie work of the normal force N) = (26) 

2W0 

WjM (the work of the bending moment M) = (27) 

Wiv (the work of the shearing force F)i = (28) 

-extreme 
extredosa! 
f'ber stress 

"T 


if, *cfds 
(®) 


Fia. 23. 

In the above expressions: 

Ny V and M arc as above defined. 

ds is the length of the lamina of rib included between the two cross-sections 
o-c and h-d, 

A is the cross-sectional area of the beam. 

I is the moment of inertia of the cross-section about the neutral axis (see Fig. 
23). 

E is the modulus of elasticity of the material in flexure. 

Ee is the modulus of elasticity of the material in shearing. 

C is a constant depending upon the shape of the beam cross-section. 


For rectangular cross-sections C! — H 

For circular cross-sections C ^ 
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For I-beams and riveted plate girders C is generally taken equal to 
{At Aw) where -4 7 . is the total cross-section, and the area of the web. 

Work Dm to a Uniform Change in Temperature, — For a uniform change in 
temperature, the only movement is a direct shortening of the lamina da, and 
therefore the only force which docs any work is the axial pressure N, the forces 
M and V doing no internal work. The total work due to a uniform temperature 
change is therefore 

Wji = Notch (see Art. 12 a) (29) 


Work Due to a Variable Change in Temperature, — If the upper fibers of the 
Deam are raised or lowered to a different temperature than those of the lower 
fibers, each lamina will undergo a slight angular distortion and the moment M 
will undergo a certain displacement. The work of both the axial thrust N and 
the shearing force V arc obviously zero in this case and the entire work done on 
the lamina is given by the ex])rcssion 


MdaeV 

\\ It' = , 


(30) 


where t' is the difference in temperature between the upper and lower fibers of 
the beam and h is the total depth of the lamina. 

The total work done on the lamina a-b-c-d by all ili(^ forces active is, therefore, 
represented by the expression 


Wi 


Nhh 

2AE'^ 


Mhh 

2El 


CVhh 

2EgA 


+ Netds + 


Mct'da 

h 


(31) 


The entire internal work for the beam is very clearly the summation of that 
for each lamina. 

Thus for the entire beam : 


2 ^ AE '^ 2 ^ El “^2-4 2 KA 


+ 2:Nrtds + 


2 


Met'ds 

h~ 


(32) 


This is the fundamental expression for the internal work in any solid homogene- 
ous beam including temperature effects and is entirely general, holding for straight 
as well as for curved beams under any loading and for any method of support* 
The complete work equation may therefore be written : 


XFA + SM, + SFA/- I XRAr = ^ 


2^ El 

mcUls + J 


2^2E.A ^ 


Met ds /QQ\ 

—h ~' 


This corresponds to eq. ( 8 ) of Art. 10 a, except that for framed structures the 
effect of a variable temperature change was not considered separately. 

The complete derivation of the above work formulas is given here for reference: 


Derivation of Expressions for Internal Work in Ribs and Beams. Work Due to the 

Nde 

Axial Force N , — The effect of this force is clearly to cause the linear distortion \n ** 

where A represents the cross-sectional urea of the lamina perpendicular to the line of 
action of the force N, If Win represents the work due to this axial force, then we may at 
once write 

1 


Win 




\Ntda 

A 

~AB~ 


U) 
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Work Done by Moment Couple Af. — The effect of this force is clearly to shorten the 
hbera on one side of the neutral axis and lengthen them on the other, producing 
the distortion shown in Fig. 23c. The graded fiber stresses on the right-hand face of the 
lamina do not exactly equal those on the left-hand face inasmuch as the two moments 
differ by the quantity Vda. However, by taking ds sufficiently small the average value 
1 Vde 

M — 2 (“^1 + “ -^2 + “2 ■ substituted for M\ or without material error. 

This average value of M represents very closely the moment along the center lino q-r 
of the lamina in question and will bo designated by ihe letter M without subscript. 

Consider any element of area dA whose distance from the neutral axis is represented by 
the term z (Fig. 23c). 

From ordinary mechanics of flexure the stress on this element is represented by the 
expression 

... fad A fxzdA 

fdA = or 

C. Ci 

(•See Fig. 2.1c.) 

The distortion of this fiber is represented by the expression 


=[(?)(")] -[a©] 


(B) 


and the iiiiernal work resisted by this elementary area dA is represented by the expression 
dWiu = )((>«) 


(C) 


The upper surface of a beam or arch rib is hereinafter termed the extrados and the dis- 
tance to the extreme upper fiber measured from the neutral axis will be designated by the 
term c^; the extreme unit fiber stress (due to bending stresses only) will be represented by 
the term /« and the corresponding extreme fiber distortion by the term Xjife. The lower 
surface of a beam or arch rib is hereinafter termed the intrados and the corresponding quan- 
tities will be designated by the terms c*, /*, 'Smix etc. 

From the fundamental theory of flexure (plane sections maintained during bending) 
and from Hooke’s law of stress and strain proportionality, it follows that, for homogeneous 
beams and ribs 

fe I C« •• fi • Ci 


The internal work resisted by the entire lamina is obviously given by integrating the 
above expression, whence 


= J * 1^21 = 2Ee. J , = 21V.1 


where 7 represents the moment of inertia of the cross-section about the neutral axis. 
From the theory of flexure = M, substituting which we have 


WiM = 


Mids 

2EI 


(D) 


(E) 


for the internal work overcome by the average bending moment M active on the lamina 
a-b-c-d. 

Work Done by the Shearing Forces . — The effect of the shearing stress V is shown in Fig. 
23d. The total shear may be considered as made up of elementary forces dV, each active 
on an element of area dA. The displacement of the point of application of any one of 
these elementary forces is, from Fig. 23d, equal to bh" or ds tan oe, or, since a is very small, 
equal to dsa. The work resisted by each elementary force dV is therefore represented by 
the expression 

dWiv = HdV dA dsa (F) 

V 

But from the definition of E, (the shearing modulus of elasticity), a = AjSvf* 


™ l/VdVdAds\ 

dir/V ; 


(G) 


and the work done by the total shear V active over the entire section is represented by the 
expression 

Wir - / dWir ~ iS) 
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If the sheiir were entirely vertical and uniformly distributed over the cross-section, dV 
V 

would be constant and equal to f whence 

„ V*ds /• , . F*ds 

= 2A*eJ ^ iE.A 


The shear is not uniformly distributed over the cross-section and furthermore is not 
exactly vertical since lateral distortions developed by the axial stresses induce small shearing; 
stresses at rifsht angles to the plane of the load system. Consequently the above expression 
must be multiplied by a distribution coefficient C which may be determined for any par- 
ticular section and we may write 


Wiv 


CV^s 

2E,A 


(J) 


The distribution coefficient is a function of the size and shape of the particular cross- 
section under consideration and is derived from a theoretical consideration of the distribu- 
tion and direction of the elementary shearing forces active on any section. 'J'he following 
values of C will suffice for the solution of the problems ordinarily encountered. 


For rectangular cross-sections C — % 

For circular cross-sections C 


For I-beams and riveted plate girders no material error will result if C is taken as 


At 

Aw 


total area of cross-section -r- area of the web alone. 

Work Due to Uniform Change in Temperature . — If the lamina a-h-c-d be subjected to a 
uniform change in temperature of t dog., the force N will be displaced through a distance 
equal to X| = ctds, and the resulting work will be represented by the expression 


Wt == Nctde (see Fig. 2\ie) 


(AO 


The forces M and V do not in this case contribute to the internal work. 

Work Due to a Variable Change in Temperalure . — Assume that the temperature at the 
extreme lower fiber of the lamina a-h-c-d exceeds that of Ihc upper fiber by I' deg. and that 
the variation from lower to upper fiber is uniform. 

In addition to the direct axial distortion (taken care of by the work expression Wt == 
Netds (sec cq. {K)) the lamina will distort as shown in Fig. 2\\f. The work at any elementary 
area dA whose distance from the neutral axis is z is represented by the expression 

dw,.' = =■^'^*‘2’^^ {L) 


and the entire work of the lamina a-h-c-d is represented by the expression 
H’/i' 


fMact 

c»h 


- fz>dA 

* Ji i -i ~ * 


(M) 


Total Work on Any Lamina . — The total work done on the lamina a-h-c-d by all the various 
forces active is represented by the expression 


Wi * Win + WiM + IF/v + Wu + Wu' 


N^s ADds CV^ds 
2AE 2EI 2E~A 


+ Nctda 


Met'ds 

h 


m 


Entire internal work for the beam is very clearly the summation of the expression given in 
eq. (N) for every lamina in the beam which is obtained by integration between the limits 
s » 0 and 8=1. Thus for the entire beam j 


Wi 


/ a ^ I pa = I pa = I pa ^ I p 

s 0 %/a = 0 Ja = 0 Ja = 0 Ja = 


— (o) 


lOd. Displacements and Deflections in Beams and Ribs. — Pro- 
ceeding exactly as in the case of the framed structure (Art. 106) we may now 
derive an expression for the displacement or deflection of any point in a solid beam 
or rib under any condition of loading. 
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The method of derivation is practically identical with that employed in 
deriving eq. (15) of Art. 106 and need not be repeated here. The resulting equa- 
tion corresponding to eq. (15) of Art. 106 is as follows: 

\Nneds , ^Mmcds ^CVveds 




AE 


^ El 


E.A 


(34) 


Where nie and Ve represent, respectively, the axial thrust, bending moment and 
shear due solely to the action of a unit auxiliary load applied at c, acting in the 
direction along which the deflection is desired. 


rp, . Nucds Mnicds .CVvcds^ . , ... , 

1 he expressions ~ ~ gj~ s^^^d ^ ^ for any lamina will be positive when 


N and ric, M and m^, etc. have the same sign, and vice versa. 

A positive result for the term Ahc indicates that the deflection is in the same 
direction as that chosen for the unit load; a negative value indicates motion in the 
reverse direction. 


In general the displacements due to shearing strains are very small and may be 
neglected, whence eq. (34) may be written 


. ^isuedfi , ^Mmeds 

= 2, AE~ ^~'Er 


(35) 


Throughout the remainder of this and subsequent discussions the effect of 
shearing distortions in ribs will be entirely ignored. 

Uniform Temperature Effect. — The expression for the displacement due to a 
uniform change in temperature (corresponding to eq. (17) of Art. 106) may be 
written 

Ate = ^UcCtds + T^mcCtds (36) 

It is apparent from Fig. 23, that the distortion ctds is an axial distortion only, 
the angular movement being zero. The product (m^) {ctds) is therefore zero and 
we may write 

Ate = XficCtds (37) 

Variable CImnges in Temperature. — It is sometimes necessary to consider, a con- 
dition wherein the upper and lower fibers of a beam or rib are changed to different 
temperatures. This condition undoubtedly obtains in masonry arches and to an 
even greater extent in steel ribs. 

For a variable temperature change whose average value at the neutral axis is 

Ve% Tci 

t deg. and whose maximum and minimum values are t + ~^and t — (^^ 
may be written 

A,. + A,'c = (38) 


Where Ue acts in a direction such as to produce a strain in the same direction 
as ctdSf the term UeCids will be positive and vice versa. Where the moment acts in 
a direction such as to produce a fiber strain of the same direction as is produced by 

mfiTds 

the variable temperature change the term — — will be positive and vice versa. 


The complete equation for the displacement of any point, including the effect 
of both variable and uniform temperature changes, may now be written as 
follows: 


A + A, + A,'-SrA, = 5jw+2^^ + ^”<^ + 2^^ 
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11. Development of General Elastic Equations for Rib Arches. — ^Let Fig. 24 
represent any fixed arch rib at rest and in equilibrium under the action of any 
system of external loads 2F and the rigid anchorage at each abutment. If 
the two abutments were to be removed, it is clearly seen that the action of 
each abutment could be exactly reproduced by the introduction at each support 
of a moment couple M, an axial thrust iV, and a tangential or shearing force V 
(Fig. 246). It is also apparent that, if the value of these six forces under any 
given load condition can be determined, the stress in the rib at any point may 
very easily be found. 

There are three fundamental static equations of equilibrium which may be 
written for any structure, as follows: 

2 (Horizontal forces, or components) = 0 
2 (Vertical forces, or components) = 0 
2 (Moments about any point) = 0 


Load system ZF 



These three equations, therefore, suffice for the determination of three of the six 
above unknown reaction components, leaving three others which must be 
determined. 

If, therefore, either support (say the left support) be removed and the three 
forces AT, Y and M be inserted to reproduce the action of this same support as 
shown in Fig. 25, the problem at once resolves itself into that of evaluating these 
three unknown forces. Once these arc determined, the other three reaction com- 
ponents and the stress in the rib at any point are easily determined from the 
above static equations. 

Carrying the reasoning a step further, let us replace the three forces iV^, Y 
and ilf , by a rigid bracket or arm fastened to the rib at the left support and termi- 
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nating at some point 0. At the end of this bracket let us apply three new unknown 
forces as shown in Fig. 256 as follows : 

X = the unknown lateral component at point 0. 

Y — the unknown vertical component at point 0. 

Z — the unknown moment couple at point 0. 

It is apparent that these forces may be given a value such that they will 
exactly reproduce the action of the forces A, V and M at the left abutment and 
will consequently hold the structure in equilibrium. 

It is also apparent that, if these three new unknown forces can be determined, 
the original reaction components iV, V and M can easily be obtained and 
consequently the other reaction components (and the rib stresses as well) may be 
readily evaluated from statics. 

This last step (the employment of the rigid bracket idea) simply replaces 
three unknown forces applied at the left abutment with three other unknowns 
applied at point 0. This may seem entirely unnecessary. However, such is 
not the case, for by properly choosing the location for point 0, the terminal point 
of the rigid bracket, the equations involving the unknowns X, Y and Z (to be 
derived hereinafter) become very greatly simplified. 

If the three forces X, Y and Z were to be entirely removed, the resulting 
structure would become a cantilever. In any statically indeterminate structure 
there arc always one or more unknown 
forces or reaction components which may 
be removed to produce a statically 
determinate structure. The structure 
resulting from the removal of these forces 
is generally termed the ** residual frame 
and the forces themselves arc termed 
'^redundants.'' In this case A", Y and 
Z arc the ‘^redundants” and the resi- 
dual frame” is a cantilever. 

Consider the residual frame (a canti- 
lever rib) shown in Fig. 2G under the action 
of any given system of external loading, 
together with the resultant redundant forces X, Y and Z. Under the action of 
these loads the terminal point 0 of the rigid bracket undergoes certain clastic 
displacements both angular and linear as shown. 

Let 

Ay = the displacement of point 0 along the line of action of the redundant 

y. 

A. = the displacement of point 0 along the line of action of the redundant 

X. 

A» = the angular displacement of the bracket in the direction chosen 
for the redundant Z. 

Referring back to Art. lOd, p. 462, we find these displacements to be given by the 
following expressions (neglecting the effect of shearing distortions, see eq. 39) : 

. . . .A ^ A ^Nritds , 'Si^Mnixds , « aj i 

A« “b Atm “h At'a ZfxAr El 2)w-»cfds -b ^ (40) 
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A . A , A 'O A ^NUyds , ^Mmyds . ^ ,, , ^mycFds 

Ay + A,y + A,'y - SfyA, = ^ If + I^TlyCtdS + 2^ (41) 

A, + Au + A*', - Sr^Ar = 2^-j^ + 2^ -j^f- + 2n.dds + 2^—^ (42) 

In the above equations the various terms have the following significance: 


A, = the displacement as previously defined caused by the load 
system applied as shown, in combination with the 
unknown forces X, Y and Z resulting therefrom. This 
displacement is measured along the line of action of the 
redundant X, 

Ay and A, = similar displacements due to the same loading, but measured 
along the lino of action of the reduridants Y and Z (A* is 
therefore an angular displacement). 

A(„ Afy and A«, = displacements measured as above caused by an uniform 
change in temperature of t deg. 

At'xt At'y and A<', = similar displacements caused by a variable change in tem- 
perature of t' deg. between the upper and lower fibers of 
the rib. 


The terms r*, ry, r,, Sr,Ar, 2IryAr, etc. = as defined in Art. 106, p. 455. 

M* = the moment on the residual cantilever at any point due solely to the 
load system SF. 

rrix = the moment at any point on the residual cantilever due solely to a unit 
load applied at 0 and acting along the line of action of the redundant X. 

niy = the moment at any point on the residual cantile\er due solely to a unit 
load as above but acting along the line of action of the redundant F. 

m, = the moment at any point on the residual cantilever due solely to a 
unit moment couple applied at point 0 and acting in the direction 
assumed for the redundant Z, 

No, rix, nyj Tigy etc. are defined as above but refer to axial thrusts in place of 
moments. 

ds, Ej I, ctl, Aj V and /i as previously defined (Arts. 10c and lOrf, pp. 458 
and 462). 

Now it is observed that the unknown reduridants X, Y and 7i applied at 0 
completely replace and reproduce the action of the left arch abutment. For 
any point therefore: 


The 


stress 
reaction 
displacement 
deflection j 


on the given arch rib due to any given loading is always 


stress 


equal to the corresponding 


reaction 

displacement 

deflection 


on the residual cantilever due to 


this same loading plus the effect of the redundant forces X, Y and Z caused by 
such loading. 
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If therefore: 

M = the bending moment at any point in the arch rib due to any given 
loading. 

Mo = the bending moment at the same point in the residual cantilever due 
to this same loading. 

Then: 

M = Mo “I" M X My 4“ Mz = Mo 4" Xmx 4” YtUy -{-Z w, (43) 
In a similar manner 


N = No 4" Xrix 4" 4" Xtig (44) 

We may now write e(is. (40) to (42) as follows: 

4. + i,, + 4., - + -v[ + 

^7nx“dfi~\ , . ^ytixTrizdsl , 

2^'~ei \ + ae + V EJ~} + + A M J 

(45) 

n 

A. + A,. + A.-. - Ir A -X AE- A EI- + ^l A-AE' + 

^irixtHydal ^(tiy^ds ^(my)Hs'] ^nyrizds , ^myjnzdal , 

A El I + ^lA AE + A Ef J-^^IA ae + A Ef 1 + 

+ (46) 

h 

A j. A J.A, A ^NoH.(h y^Mom,ds 

X + A. + A,'. - lr.A, -X Aii + A El + ^ L UaE + 

S mtmzdHl . ^7iznydii . ^7nz77iydsl f ^{7h)^ds . , 

~ El J + 2/ + 4 ~ei “J + 4 ^ + 4-'£7^J + 

Sn^td, + (47) 

n 


These are the general elastic equations applicable to the analysis of any fixed rib 
arch. 

^ nxds UxTiyds {nyYds . w i n x- 

The terms ~AE~' AE ^ relatively very small, representing 

the distortions due to unit axial stresses. Except for very flat arches, these terms 
may be disregarded without material error. This will be done hereinafter except 
in considering the effect of axial stress or “rib shortening” as discussed later on. 

Case 1 — Rigid Supports — TeTuperature Effects Neglected , — If the supports 
are rigid and inelastic, the above equations may be very much simplified, inas- 
much as the entire left-hand member of each equation becomes zero for such 
a condition. 

Ignoring temperature effects, and disregarding the terms ^ 

etc. as above set forth, these equations may be written as follows: 


V ^rux^ds , „x^mxmyd« , „^7nxm,ds 

^ ~Ei~ + ^X~et 



N^Tixds 

~AE~ 


S Moinxds 

El 


(48) 


X 4- y 4- - y^ Mpniyds 

El El ^ El ^ AE ^ El 


V ^TUxtUyds . ^^TnytHyds « v(w,)*ds 

^ X^^Ef ^^X ~Er'^^X Er~~ 


S NaUzds ^Momzds 

~AE X El 


( 50 ) 
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Case II — Effect of a Uniform Change in Temperature (Rigid Supports ). — 
The elastic equations for this condition may be readily written from eqs. (45) to 
(47) inclusive by placing the left-hand member of each equation equal to zero, 
as in Case I, and also placing the terms Mo, No and t' each equal to zero whence 

we write ^ignoring the terms forth above) 


^ (51) 


^^m^myds ^y^(niy)Hs ^myin^s 
^A~Er + El + El “ 


ctds 


El El ' E 


niyjn^ds 


El 


— '^UiCtds 


(52) 

(53) 


Case III — Effect of a Variable Change in Temperature . — In a manner exactly 
analogous to the above these equations become : 


vX^(wi*)*ds , ^\^mxmyds ^.y^mxmAs _ y^mxCt^ds 

^A-EI + ~EI + El "A h~~ 

^'S^m.xm.yds .,r'S^(my)^ds ^^m^myds _ '^niyCt'ds 

El ' ^ ~EI " + El ^ h 

^^Wxnizds «v'(m^)2</.s' _ 

^^~Er + ^ ^ A’/ + h 

niyCt'ds 


(54) 

(55) 

(56) 


The individual terms n^cldSf UyCtdSy 

when the distortions due to the unit thrusts and moments ?/,, /?y, nix, etc. 
arc in the same direction as those produced by the temperature change, and 
vice versa. 

12. Development of Elastic Influence Lines for Rib Arches. 

12a, Development of Formulas. — Consider the fixed arch rib 
shown in Fig. 27, which, in order fo make the problem entirely general, has 

been taken as unsym metrical. 
Tlirough the terminal point 0 of 
the assumed rigid bracket, construct 
two coordinate axes as follows: 

Y~Y vertical 

X-X acting along the line of 
action assumed for the redundant 
X and thus making some angle <!> (as 
yet unknown) with the horizontal. 

Let us measure the abscissae (x) horizontally, calling the signs positive to 
the right of the Y-Y axis, and let us measure the y ordinates vertically, calling 
the signs positive above the X~X axis. 

Assume the three redundant forces to act as shown in Fig. 27. (These 
redundants may be arbitrarily assumed to act in either direction. If the true 
direction is opposite to that assumed, the signs will simply come out negative.) 

Moments causing compressive stresses in the upper fiber of the residual 
cantilever will be assumed as positive, and conversely. 
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From inspection of the figure 

= —2/ cos 0 

(57) 

niy = X 

(68) 

nit = 1.0 

(59) 


Divide the arch ring into small equal segments, as shown in Fig. 28, and com- 
pute for each segment the term where ds is the length of the 

segment and I is the moment of inertia of the rib at the center of said 


segment. The term j is sometimes called the ^'clastic weight'* of each voussoir 
or arch block and will hereinafter be designated by the term G. 



We may now write eqs. (48) to (50) inclusive (after multiplying them by 
the term E) as follows: 

Xcoa<l>‘ - Y coa <l> JXlxy - Z cos <t>:ZGy = + 

cos 0 I^MdGy (60) 

-X cos 4> XGxy + YXGx^ + ZWx = - ZM^Px (61) 

-X cos <l> XGy + YXGx + ZXG = - ZMP (62) 

ds . 

Now if the terms G = are considered as weights applied at the center of 

each voussoir or arch block, and the terminal point 0 made coincident with the 
center of gravity of such “elastic ” system, we observe at once that 

XGx = 0 
XGy = 0 

Proceeding a step further it is also observed that the angle 0 may be so taken 
as to make the term '2Gxycos<l> vanish also. This last procedure is as follows: 

Through the origin 0 construct a temporary horizontal axis H-H and let y" 
represent the vertical ordinate to the center of each ds segment scaled from 
such axis (see Fig. 27). 


Then 


j/" -- X tan <l> 

20xy = 2(?®y" — lOx^tan 0 


(63) 

(64) 
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Placing this last expression equal to zero and solving for the angle 0 we have 


<t> = tan"^ 


S(7x<*’ 


(65) 


from which equation the value of (f) may be readily determined. 

Two axes X~X and F-T, so located that J^Gxy vanishes, are termed conjugate 
axes and the operation above described is termed conjugating the redundants. 

Applying the redundants X and Y along the conjugate axes above determined 
and locating the terminal point 0 at the center of gravity of the "elastic load 
system, "which point will be hereinafter termed the "elastic center," we may 
write eqs. (60), (61) and (62) as follows: 


X = - 


^ ^MjBy 

COS 


Y 

Z 


I 


, — h Silf o(fX 


YJGx'^ 
^N^ds ^ 2^/^ 

•SO 


( 66 ) 

(67) 

( 68 ) 


The first term in the numerator of each of the above expressions represents 
the effect of the axial thrust and may be disposed of in the same manner as is 
done with uniform temperature effects. Neglecting this term for the present, 
therefore, the above expressions may be written : 


ZMoGy_ 
cos <t> ZGy^ 

(69) 

1:MoGx 

(70) 

2(7x2" 

2ilf„(7 

(71) 

2(7 


By means of the above equations the values of the redundant forces X, Y and 
Z may be evaluated for any given condition of loading. It will be observed, 
however, that this method necessitates the solution of each equation for every 
possible position of the dead and live loads and is therefore somewhat lengthy. 
A much easier and simpler method is to assume a unit load at any given point, 
compute the value of the term Mo for such load and solve for the redundants 
X, Y and Z induced by such unit load. Then by moving this unit load across 
the span, values of the redundants may be obtained for each position of the unit 
load and an influence line constructed for each of the redundant forces. 

Placing a unit load at any point g (see Fig. 28) we may at once write 

Mo - 0 (for any point between a and g) 

= — A: (for any point between g and t) 
mjB * 22(7(0) + 2J(7(-^) = -2i(7Aj 


( 72 ) 
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Whence eqs. (69) to (71) inclusive above become 

(73) 

(74) 

(75) 

(The minus sign is used before the term k because it represents a moment which 
causes tension in the upper fibers of the residual cantilever.) 

Placing a unit load at any other point m and proceeding in an exactly similar 
manner, we find 


1 

5 


“ cos if) SGj/* 

(76) 

X‘„hGx 


■tr ™ 

(77) 

XijcCr 


„ m 

(78) 


By means of the above equations it is possible to plot an influence line for the 
redundant reaction components X, Y and Z for any arch ring having rigid 
supports. With these influence lines plotted, the value of the redundants can be 
easily determined for any given set of load conditions and from these the stress in 
the rib at any point may be easily computed. 

125. Graphical Solution for Redundant Influence Diagrams. — The 
foregoing method of calculating the influence line ordinates for the redundants 
X, Y and Z involves the summation of the terms given in the numerator once for 
(jvery position of the moving unit load and is therefore somewhat laborious. An 
easier and more rapid method may be developed graphically as follows : 

Consider the given arch rib as a cantilever fixed at the left support and free 
at the right support (note that this is the reverse of the condition under which the 
redundants X, Y and Z were first developed). Load each ds segment at its 

ds 

center with the corresponding elastic load G = -j' With pole distance ZG 

construct a ray diagram for these loads and an equilibrium polygon (Polygon A, 
Fig. 29). The intercept on this polygon by a vertical through any point (as 
point g) is obviously measured by the term 

-fjG = 

Polygon A is therefore the influence line for (he redundant Z. 

Now load the rib with the load system Gy and construct an equilibrium 
polygon (Polygon B, Fig. 29) with pole distance cos 0 ZGy\ The intercept on 


y = 

’ COS <f> "SGy* 

'L‘hGx 
Y = 

IXf 



472 REINFORCED CONCRETE A ND MASONRY STRUCTURES [Sec. ^ 12c 


this polygon by a vertical through any point (as point g) is obviously measured 
by the term 


= y 

cos 0 'ZGiF ° 


(80) 


Polygon B is therefore the influence Diagram for the redumlarvt X. 

In a similar manner Polygon C (Fig. 29), using the load line Gx and a pole 
distance H = l^Gx becomes the influence line for the redundant Y, 



Having these influence lines plotted, the determination of stresses at any point 
in the rib becomes a problem involving ordinary statics. This phase of the work 
involves only ordinary methods of stress calculation in statically determinate 
structures and need not be discussed further at this point. 

12c. Stresses Due to Unifonn Temperature Changes. — With the 
terminal point of the rigid bracket located at the ''elastic center” and with the 
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redundants X and Y properly "conjugated” the following simplifications for 
eqs. (51), (52) and (53) (See Case II, Art. 11, p. 464) may be written: 




(81) 

^TTlxlUyds 

^ El 

- 0 

(82) 

Zf El ~ 

-7 *(20-0 

(83) 

11 

w 


(84) 

^ El 

0 

11 

(85) 

y^(m^yds 

2 j hu 


(86) 



Also from Fig. 30 

n* = cos 0 (87) 

riy = sin {d + 0) (88) 

n. = 0 (89) 

The axial fiber distortion caused by the loading X = = unity acting as assumed is 
a compression or shortening of the rib. Therefore, the individual products 
cos odds will be positive for a temperature crop and negative for a temperature 
rise. The sign before the individual products sin {B + 0) ctds will obviously be 
positive for a temperature drop when {fi + 4^) is positive and negative when 
\b + 0) is negative. 

Applying these formulas 

y. _ — SS ± cos B ctds 

~ COB ZGv* 


( 90 ) 
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Similarly 



y — + sin (^ + <ii)ctds 

“ so®* 

(91) 


II 

O 

(92) 

From Fig. 31 

2 cos 6 ds — U 

(93) 


2 siti {6 ■{" 0 ) ds = 

(94) 

Whence 


(95) 


Lcos 



(96) 


Obviously the plus signs are to be used for a temperature rise and the minus 
signs for a temperature drop. 



Fio. .'n. 


12d. Stresses Due to a Variable Temperature Change. — Using the 
simplification identities listed in Art. 12c, above eqs. (54), (55), (56) of Case 
III, p. 468, may be written 

ct'E 


- .cos<^SOj/*J 

(97) 

Exds 


ct'E — 


± - 

00 

ct'E ^1 


'a 

+1 

II 

(99) 


Those equations express the values of the redundants due to a difference in 
temperature between the upper and lower fibers of the arch rib. When the upper 
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fibers arc at a higher temperature, the distortion of the residual cantilever will 
obviously be in the same direction as that induced by a vertical loading. Hence 
the redundant forces will act in the same direction as for vertical loading. When 
the upper fibers are at a lower temperature than that of the lower fibers, the 
reverse is true. 

12c. Stresses Due to Rib Shortening or Axial Thrust. — ^In Art. 11^ 


p. 464, the terms 


Urds UxTlyds 

'ae’ ~ae~’ 


etc. were dropped from the clastic equations (seeeqs. 


(48) to (50) inclusive). While this is perfectly permissible when considering the 
effect of gravity loadings and of temperature, it involves large errors when 
considering the effect of axial distortions. We must therefore develop the 
expressions for the redundants due to axial thrust directly from eqs. (45) to 
(47) inclusive. 

With the terminal point of the rigid bracket system located at the elastic center 
and with the redundant axes properly conjugated ” 


S iUxtriyds 

El 

S mxrritdR 

El ■ 

S myinzds 

~ Er 


== 0 


For rigid supports, and neglecting all temperature terms and terms involving 
the moments Mo (since the effect of the thrusts N alone is now desired), we 
may write eq. (45) as follows : 


/ AE 


L El ^ AE ^ AE ^ AE J 


X = 


- S(Ar, + Xn, f Yn, + Zn.ff- 

S {m,)^ds 

~Ei 


( 101 ) 


But from eq. (44) 
Whence 


No + Xrix + Yriy + Ziu = N 


Xs = 


Nuxda 



cos 0* 




( 102 ) 

(103) 


In a similar manner 


Ys 

Zn 


eX 


Ntiyds 

IGx* 

Nn4s 


AE 


(104) 


£0 


= 0 (since n, = 0) 


(106) 
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It will be noted that these equations are in exactly the sahie form as those 

N 

representing the effect of a uniform change in temperature if we substitute ^ for 

Ect. In other words, the stresses due to the effect of the axial thrust are equal 
to those produced by a temperature drop of degrees where 


= 


AEc 


(106) 


In this manner the axial effects may be regarded in the light of an ''equivalent 
temperature drop*' and solved from the temperature stresses by direct proportion. 
These stresses are generally designated by the term “rib shortening ” stresses. 

12/. Symmetrical Arch Ribs.-- If the arch rib is symmetrical about 
the center line of the span, it is obvious that the “clastic center "will fall on a 



vertical through this center line. It is only necessary therefore to locate the 
vertical position of the elastic center on this center line, which may be done by 
applying the clastic weights horizontally as discussed in the next article. 

Consider the symmetrical arch span shown in Fig. 32, with the elastic center 
0 determined as above. Through this clastic center construct the vertical redun- 
dant axis Y-Y and a temporary horizontal axis X"— X". 

The true conjugate axis X— X (from eq. (65)) makes some angle 0 with the 
axis X“— X" such that 


tan^ = 


(107) 


But, since the arch is symmetrical, “ZOxy" must equal zero, whence tan 0 = 0, 
0 — 0, and the axes X"— X" and X— X coincide. For symmetrical arch ribs, 
therefore, the conjugate axes are at right angles, which simplifies the equations 
for determination of the redundants. 

We may therefore rewrite the redundant equations in the foregoing articles 
to apply to symmetrical arches as follows; 
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Case I — Unit Load at Any Point g (see egs. (73) to (75) inclusive). 


S' kGy 

X " 

SOj/»" 

S* Wx 

Y = 

* SGx* 

SG 

Cdse II — Uniform Change in Temperature. 


(Note that for a symmetrical rib, 1/ — L and L" = 0.) 



Yt and Z* = 0 


Case III — Effect of Variable Temperature Change. 


'ct'E 'Lyds/hl 

r w J 

cVE 2:.T^/n 

■ J 


= J 


(108) 

(109) 

( 110 ) 


( 111 ) 

( 112 ) 

(113) 

(114) 

(115) 


13. Condensed Outline of Method for Analysis of Fixed Rib Arches. — The 

object of tliis article is to present in concise form the method of analysis described 
in the foregoing article ; utilizing formulas, the derivation of which form the subject 
matter of the two preceding articles. 

13a. Analysis of Symmetrical Reinforced Concrete Arch Spans. — 
The following method may be used in the design of all fixed symmetrical reinforced 
concrete arches. 

(1) Assume a crown thickness and a tentative center line curve to fit the 
individual conditions for the span. 

(2) Divide the half arch rib, along its center line, into not less than ten equal 
parts and compute the dead load, including any concentrations from spandrel 
columns and decking, for each part. 

(3) Using the above dead loads, construct an equilibrium polygon for the 
same, passing this polygon through the center of the rib at crown and at spring 
line. 

(4) Adopt as a final axial curve, a compound circular curve as closely approxi- 
mating this equilibrium polygon as possible. 

(5) Haying thus determined the most advantageous curve, sketch in the 
arch rib. The dimensions chosen for the rib arc assumed largely as the result 
of experience or from comparison with like dimensions for known existing struc- 
tures. In general the thickness of the rib need not be greatly increased between 
the crown and the quarter point for ordinary highway loadings. This does not 
hold true, however, for arches carrying heavy moving live loads, such as railway 
arches under light fills, arches carrying heavy suburban or interurban traffic, etc. 
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From the quarter point to the spring line or skew back, the arch rib should be 
gradually increased so that it will be from 2}^ to 3 times the crown thickness at 
this latter point. Many rules and tables for arch rib dimensions have been 
devised and published. A discussion of a few of these has already been given 
(see Art. 7, p. 445). These formulas and the above may serve as a rough 
guide, tempered of course by a consideration of individual conditions. If the 
final analysis indicates an improper proportioning of the arch rib dimensions, 
the design is of course corrected and the analysis re-run using the new corrected 
dimensions. 

(6) Divide the half rib thus determined into not less than ten equal divisions. 
The length of each division will be termed ds. Compute for each division the 
ds 

quantity -j- • This quantity will be termed the elastic weight of such division 

and designated hereinafter by the term G, (For spans over 150 ft. the number 
of linear segments da should be taken greater than 10.) 

In Fig. 33 suppose the half arch axis scales 480 in. If 10 cciual divisions are used, 
then 

<is*i = di <2 ~ .(IsiQ = = 48 in. 

Suppose that the reinforcement consists of one 1-in. stiuaro bar at the inlrados and one 
1-in. square bar at the extrados, and that the arch rib is 12 in. wide (see Fig. 33). 



The moment of inertia for any cross-.section is equal to the moment of inertia of the 

E, 

plain concrete section plus the moment of inertia of the steel times the term This 

latter term is generally takefi eciual to 15. 

/i = 1 1 (concrete) + 151 1 (steel) 

h (roncrotc) = *** = = 8.000 

= 1,020 


15/i (steel) 
Total h 


,Gi 


In a similar manner; 


da 

Ji 


15 (2) (8)* 

* 8,000 + 1.920 
48 

“ 9.920 


9,920 


0.0048 


/. - + 16(2) (7)* 7,302 

7,^02 “ " 

In this manner the elastic weight G for each “ Voussoir '* or arch block is calculated. 
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(7) Having the elastic weights computed, proceed now to find the center of 
gravity of these weights, which point is termed the elastic center*' of the arch. 
The method of doing this is as follows: 

Since the arch is symmetrical, the center of gravity will lie on a vertical through the 
crown. Its vertical position may be determined in two ways, as follows: 

Algebraic Method . — Select any horizontal axis Af-A/ as shown in Fig. 34. Carefully 
scale the vertical distances, m, m 2 , ma, m 4 t etc., from this axis to the center of each vous- 



soir. The center of gravity is located on a horizontal lino whose distance below the axis 
Af-AT is equal to 

C/mi H" Gm 2 • . . f#mio 

Cri 4“ 0*2 4“ . . . . (rio 


Call this distance 


S6*w 

“so 



Oraphic Method . — The elastic center may be determined graphically as follows (see 
Fig. 35). 

(1) Lay off the elastic loads O on a horizontal load line. 

(2) Assume each load to act horizontally and construct an equilibrium polygon 

for the same. 

(3) Intersect the first and last rays of this polygon. This point of intersection 

Ib on the horiaontal containing the required center of gravity, and the 
intersection of this horizontal with the vertical through the crown is the 
elastic center of the arch. 
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(8) Through the elastic center thus determined, construct two coordinate 
axes, X-X (horizontal) and Y-Y (vertical). Carefully scale the distance x and y 
for each voissoir and compute and tabulate the quantities Gxj Gy and Gx^ and Gy^ 
for the en tire arch ring. Also determine the summations XGx, ^Gy^ SGx* and 2Cri/* 
(see Fig. 36). 

(9) Next consider the arch as a cantilever fixed at the left end, as shown in 
Fig. 37, and construct the following three equilibrium polygons: 

Polygon A with loads G and pole distance SG. 

Polygon B with loads Gx and pole distance ^Gx^, 

Polygon C with loads Gy and pole distance 

(10) Now consider the arch as a cantilever fixed at the right end and conceive a 
rigid bracket fastened to the free end and ienninating at the elastic center 0. 
Also conceive three forces, one (X) horizontal, one (F) vertical and a moment 
couple (Z) acting at 0 as shown in Fig. 38. 



Assume the direction of tlu!sc forces to be as shown. It has been proved that 
polygon A is the influence line for moment couple Z. Also that polygon B 
is the influence line for the force Y and that polygon C is the influence line 
for force X, From these three influence lines, the influence lines for the thrust 
and bending moment at any point on the arch rib may be easily drawn. 

For example, suppose it is desired to draw the influence line for the bending 
moment at section A- A , Fig. 38. Take a section at A- A and treating the left hand 
portion of the structure as a free body in equilibrium (see Fig. 39), we find, by 
taking moments about the neutral axis A~A that 

For a unit load P to the loft of A-A 
M^= Z -Ya-Xh-Pr 
For a unit load to the right of A-A 
Ma= Z -Ya-Xh 

Note that the action of is always assumed in such a direction as to produce 
compression in the top fibers of the rib. A negative value of Ma simply indicates 
that the action Is reversed and the upper fibers are in tension. 

The normal thrust at section A-A may be determined in a similar manner as 
follows: 
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From Fig. 40 it is seen that: 

For a unit load P to the left of section A~A 
Ta = X cos ^ + y sin ^ — P sin ^ 

For a unit load to the right of section A^A 
Ta = X cos ^ + y sill 0 


A 



In this manner the moment and thrust at any point, due to unit loading, may be 
computed and the influence lines for the same plotted. 



The (lata should be (;ol le*(.*ted in tabular form as follows: 

Influence Line Data — Section A~A 

Moment Thrust 

Unit load 
at point 

Z \ Ya \ Xh '' Pr Ma | P sin ^ j X cos 0 ' Y sin B \ Ta 


2 1 

! 

1 


1 

3 ' ' ; j 



1 











5 . 1 i 







etc. 1 1 

1 i 
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Note, that for any section, a?, y and B are constant, while Z, Y and X are vari- 
able quantities and are obtained from polygons A, B and C. Note also that 
P = unity. 

Temperature Stresses . — rise of t deg. in temperature induces a reaction X, 

but for symmetrical spans induces no reaction Y or moment couple Z. 

For a rise in temperature of / deg. 

„ EctL l2tL X u X 

concrete arches) 

where L = total span in inches. 

The moment at any section as A- A is XJb, and the thrust is Xt cos ^ (see 
Fig. 41). For a drop in temperature, the direction of the reaction X* is reversed. 



Fixed end 

- ffapon in inches^ — — 

Fio. 41. 

Stresses Due to Axial Compression or **Rih Shortening. ** — It is general practice 
to compute and consider the stresses resulting from the axial compression due to 
dead load only ihe axial compression under live load being small and well 
taken care of by the factor of safety. Using the dead load compressive stresses 
the method of procedure is as follows: 

(1) Compute the dead load thrust N at various points in the arch ring. 

These are the thrusts N (or T) on the arch rib, not the values Nq 

for the residual cantilever (see Art. 12c, p. 475). 

(2) Using the average value of N found as above, solve for the equivalent 

temperature drop t'\ where 

^ A'Ec 

(3) Using this value the rib shortening stresses may be quickly obtained from 

the temperature stress by the direct proportion 

r 

~t 

Note that these stresses are always of the same sign as those produced by a drop in 
temperature. 

Stresses Due to a Variable Change in Temperature . — ^The distribution of 
temperature throughout the interior of the arch rib is so problematical that these 
stresses are rarely calculated. 

Calculation of Stresses in the Material . — ^The influence lines for the moment and 
thrust at the crown, spring line and any other points which may be deemed 
necessary having been plotted, the dead and live load moments and thrusts are 
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computed and combined with the temperature effects. Care should be taken to 
sec that for each moment, the thrust that occurs simultaneously be used and not 
some other thrust caused by a different system of loading. 

Care must also be exercised to try every combination of loadings in order that 
a true maximum condition will be obtained. 

After the combinations are made and tabulated, th(i stresses in tlic material are 
calculated in the usual manner. 

136. Analysis of Unsymmetrical Reinforced Concrete Arch Spans. — 

Where the arch axis is not symmetrical the above method is slightly modified 
— ^thc following procedure being followed: 

(1) Assume tentative dimensions for the arch rib and a tentative axial curve 
to fit the particular conditions of tin? ])roblem. 

(2) Divide the entire rib along its ccnt(T line into not less than 20 equal 
parts, compute the dead loads, construct a dead load equilibrium polygon and 

adopt an axial curve to fit as closely 
as possible to this dead load equi- 
librium polygon. (The procedure 
thus far is practically identical with 
that outlined under items 1, 2, 3 and 
4 for symmetrical arches.) 

(3) Sketch the arch rib in as 
before. 

(4) Divide the entire rib hito 
not less than 20 equal divisions, 
calculate the elastic loads G and 
dotcumine the position of the true 

“elastic center’’ exactly as in the case of the symmetrical arch. In this case it 
will be necessary to determine the vertical as well as the horizontal containing the 
elastic center. This may be done by applying the clastic weights vertically as 
well as horizontally, either algebraically or graphically, as described under the 
preceding article. 

(5) Through the elastic center construct the true Y~Y axis (vertical) and a 
temporary horizontal axis //-//. The true redundant axis X-X “conjugate” to 
Y~Y will make an angle 0 with //-// wherein 

tan <t> = -^5” 

(6) Calculate the terms Gxi/\ Gx^ and and determine the value of 0. 

(7) Plot the true axis X-X and scale or calculate the values of y, 

(8) Compute for each vous.soir the terms (jX, Gy, Gx*, Gy^ and tabulate the 
summations 2)G, SGx, SGy, Jfjx^ and Gy^, 

(9) Next consider the arch as a cantilever fixed at the left support and con- 
struct the following three equilibrium polygons: 

Polygon A with loads G and pole distance 2JG 
Polygon B with loads Gx and pole distance SGx* 

Polygon C with loads Gy and pole distance cos 0 
These are the three redundant influence lines and the analysis may proceed from 
this point exactly as in the case of the symmetrical span. 
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Temperature Stresses {Uniform CAonje).— Equations (95) and (96), p. 474, may 
be employed to determine the value of the redundants Xt and Y Having these 
values, the moment at any section A-A (Fig. 42) is clearly 

Afu = ^{XtV cos 0 + Yix) 

The thrust at section A-A is clearly 

Tu = + (X« cos 5 sin (ff + 0). 

Stresses Due to Variable Temperature Effects.— Theses may be determined from 
eqs. (97) to (99) inclusive, p. 474, thus determining the redundants Xt', Yt' and Zv 
which may be applied in a manner analogous to the above. It is not customary 
to consider the effect of a variable temperature change for ordinary arch spans 
—this effect being somewhat problematical due to the lack of accurate data con- 
cerning the actual distribution of internal temperature throughout the interior 
of the rib. 
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MULTIPLE SPAN ARCHES ON ELASTIC PIERS^ 

14 . General Considerations. — The general elastic equations for arch spans 
under any loading and for any support condition whatsoever are written for 
rib arches on j). 467 (cqs. (45) to (47) inclusive). 

A consideration of the elastic yielding of the arch supports is necessitated in 
practice only in the case of rib arch structures, as a general rule, the employment 
of the fixed framed arch typo being generally limited to long single spans sprung 
from massive and (to all practical intents and purposes) unyielding abutments. 

In view of the above', thcn'foro, the present discussion will be restricted to 
rib arch structun's only. Should it ever be necessary to consider the cas(5 
of yielding sup])orts in connection with franu'd arches, a treatment entirely 
analogous to that h(jreinafter developed for the rib arch may be employed for 
deriving the formulas for the redundant reaction components. 

It has been shown on p. 464, Art. 11, and p. 475, Art. 12e, that the terms 

effect of the axial distortion or 

shortening of tfie rib and that such effect commonly known as “rib shortening'’ 
may be evaluated by treating the same as an “ecjuivalcnt temperature drop.” 

Omitting these terms th(*refore, and substituting for tlu'. 

etc., in terms of the (»lasti(; w('ights G (as was done in Art. 12a, 

]). 468), we may write the general elastic eejs. (45) to (47 ) inclusive as follows: 
Gravity Loadings Only {Temperature Effects Neglected) 

E{Ax — SfxAr) = —cos (t>X'^Gy^ — cos <l>Y^Gxy — cos^ZSG’y/ 

( 110 ) 

E{Au - :^ryAr) = XMjGx - cos <l>XXGxy + YZGx’^ -f ZXGx (117) 

E{A, - XrAr) = SM/; - cos <l,X2:Gy + Y^^Gx + Z^G (118) 

Uniform Change in Temperature. 

EiAtx — Xr^Atr) = E'ZnxCUls + cos^<l>X'ZGy^ — cos 0FS6V// — cos tpZ'ZGy 

( 110 ) 

E{Aty — ZvyAtr) = EXfiyCtds — cos (pX^Gxy + YZGx^ + ZlXrx (120) 

E{Au - Sr.A^r) = EZn^etds - cos 0X26'?/ + YZGx + ZZG (121) 

From these general expressions a method of analysis for multiple span rib 
arches on elastic piers may now bo developed. 

16 . Two Span Arch with Elastic Center Pier. — Consider the two-span arch 
shown in Fig. 43, the same being supported on rigid abutments at either end, 
but on a central pier which is elastic or yielding under load. Any load over 
the arch rib A 2 will be transmitted to the abutment at the right and to the elastic 
pier Pi at the left. This pier distorting under load will in turn throw certain 
stresses into rib Ai so that both arch ribs and also the pier arc stressed a certain 
amount for any load from point 8 to point t over the entire length of both 
spans. 

1 Tho consideration of elastic yielding of supports in arch design will not be necessary for ordinary 
structures. For special construction involving exceptionally high and slender piers and for research 
and experimental work the theory demonstrated in this chapter will prove of value. 
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(2) The chistic system Ai-Pi. This may be treated as an arch rigidly sup- 
ported at the left abutment and also at the bracket terminal point 02 . This 
second elastic system is exactly like any other arch rib sprung from rigid supports 
except that the pier Pi is considered as part of the arch ring. It must be observed, 
however, that for any load over any portion of either span there will be in addition 
to the three principal redundants A^ B and D (acting at point 02 ) three other 
forces, viz., X\ Y* and Z* as yet unknown. Those forces may be considered as 
applied at the end of a second rigid bracket attached to the rib Ai-Pi along the 
section B-B and terminating at point o'. These last three forces obviously 
represent the action of the arch rib A 2 on the elastic system Ai~Pi, Point 0 ' 
must therefore coincide with point 0 , the terminal point of this same bracket when 
considered as applied to the arch A 2 . The forces X\ 7' and Z' in Fig. 44a (for 
any given loading) must be equal and opposite to the corresponding forces X, Y 
and Z of Fig. 44& (action and reaction are equal and opposite). 

It should now be clear that, if for any given loading the redundant forces 
Xy Y and Z can be determined for the arch A 2 , the elastic system A i-Pi may then 
be readily analyzed by the methods discussed in the sections giving the develop- 
ment of general elastic equations and influence lines for rib arches, since this 
system is simply an arch supported on rigid foundations except for the three 
additional unknown forces, X' = (—X), 7' = ( — 7) and Z' = ( — Z). 

Let us first, therefore, consider the arch system A 2 developing the residual 
cantilever and inserting the three redundant forces as shown in Fig. 446. 

For a unit load at any point, therefore, we may write: SrA = 0, since the 
left support (which is the only support for this residual cantilever) is fixed and 
rigid. 

Now considering the elastic system Ai-Pi 

Let bxx — tlie displacement of point 0 measured in the direction assumed 
for the redundant X due solely to the loading X = unity. 

byx and = the dis])laccment of point o nnjasured in the same direction 
but due solely to the loadings 7 = unity and Z == unity 
respectively. 

bxy, byy and 8gy = similar displacements, but measured in the direction assumed 
for the redundant 7. 

bxMf byg and = similar displacements, but measured in the direction assumed 
for the redundant Z. 

Also let: 

bozt ^oy and b„x = the displacements of the terminal point 0 (in the respective 
directions X, 7 and Z) caused by a unit load at any point 
on the clastic system Ai-Pi. 

It is now apparent that 


Ax = Xbxx + 75y, + Zbtx + SF 60 * 
A, = X5.„ + Ybyy + Zbxy + SF5.y 
A, = Xbx. + Ybyy + Z6„ + ZFboy 


where 2)F represents the summation of loads on the elastic system Ai-Pi. 
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Equations (116) to (118) inclusive may now be written: 

-cos <l>'2MjCfy - E2FS„ + X[cos».^2»j/* - ES.r] - r[cos <l>'2Gxy + - 

Zlcos <t>IXfy + ES,A = 0 (122) 

HM/Jx - BSES., - X[cos + ES.,] + y[SGx> - J + Z[IGx - E5.y] 

= 0 (123) 

SJI/.G - ETiFS.. - Z[cos ./>SGy + ES^.] + YlIXJx - ESJ + Zl2G - ES..] -0 

( 12 -*) 

To evaluate the terms 5 OXf SxXf ^JXf etc., we may now consider the clastic 
system Ai-Pi under the successive action of the various auxiliary unit loads 
which cause such displacements as follows : 

Consider first the evaluation of the term 5„. This is, obviously, the angular 
movement of the terminal point o' (Fig. 44a) caused by the application of a 
unit moment couple, Z = 1.0 or Z' = —1.0, at this point o' on the elastic 
system Ai-Pi. The forces active are the unit couple Z' = —1.0 and the three 
redundant forces A, B and D induced by the same at point 02 , this point 02 beinir 
taken as the elastic center of the system Ai-Pi. 



Fig. 45. 


From the considerations which form the subject matter of the first chapter 
in this section, we may, at once, write 


Ebtu 



where 

M « moment on the arch rib A i-Pi at any point due to the loading Z 
(orZ' = -1.0). 

nio = corresponding moment on the residual cantilever. 

W represent the elastic weight of any segment of the system ArPi. 
From a consideration of Fig. 45, 


(125) 


= 1.0 


w* = —1.0 

ilf = A/i - - jB. - 1.0 


(126) 

(127) 
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If the angle ^2 is so chosen that the two axes A-A and D-D are conjugate 


Therefore 


rsMrai , , rsMFi 


•L^wd Y,'Wa 

d = ^r^-and«=^:,^- 


We may then write : 


K SMIoX /t‘Wd\ /sMA 1 

The term inside the brackets may be evaluated from a consideration of the 
elastic system A i-Pi alone (tliat is to say, this term is independent of the arch 
system -^ 2 ). We may evaluate this term therefore and write 


Eh., = -C„^\W (134) 

where i\ n^presents the exj)rossion inside* the brackets in eep (133). 

In an exactly similar manner 

Kh„ - -VilX.Wiy cos 0 ) (135) 

A’a„ = -C.T^lWx (136) 

Es.r = -C,XlW(,y cos «)» (137) 

A’a,„ = -C'„2;ir(x)^ (138) 

= +Co^lWxy cos 0 (139) 


The terms 6ox, 3o*, etc.; arc displacements at point 0 ' caused by a unit gravity 
loading applied at any point on the elastic system Ai-Pi. 

If we let m represent the moment at any point in the residual cantilevers of 
the system A i-Pi caused by such unit load, then clearly 


Es.,. = -V.I,lWm 

(140) 

EKs = +(7. 2*ir(y cos <t>)m 

(141) 

ESo» = —Ctlil'Wxm 

(142) 


It is also clear that 

ElFho, C.' 2 lW{Fimi+F 2 mt+ . . . etc) = -Co^\WMo, 
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where Mo = Fimi + F 2^2 + etc. for each load acting on the system Ai-Pj. 
With these substitutions, we may write eqs. (122) to (124) inclusive as follows: 

-cos 0 [SMoG 2/ + Cot'^MoWy] + X cos® 4 >[XGy^ + 

- r cos 0 [Wxy + CoX\Wxy] - Z cos 0 [ ZGy + Co Z\Wy] = 0 (143) 

[ZMjGx + CoZ\MoWx] - X cos 4>[Wxy + CoZ\Wxy] 

+ r[2Ga;® + Co^\Wx^]^- Z[mx + C^t^Wx] =0 (144) 
[ZMJG + CoS>f,W] - .Y cos ^[2^?, + Co^\Wy] + Y[XGx + CoZ\Wx] 

+ Z[2G + C.2>] = 0 (145) 

It must now be clear that the effect of the elastic supporting system A i-Pi 
may be represented by the substitution of an elastic system Z\CoW as shown 
in Fig. 46. This system is composed of the elastic weights of the arch system 
ArP\ included between points p and g, each clastic weight acting as its 



original gravity center, but having a value equal to its original value multiplied 
by the constant Co- 

If this substitute system is constructed and a new point Oz located at the 
clastic center of the system (2(7 + 2*(7^TF), and if the new axes Xz—Xz and 
Yz—Yz are conjugated for this new elastic system, we may write: 


Xz = 




z, = - 


{■LMJ[}y + C,'S>,M,\Vy 1 

Lcos <t>i [SGy* + C, 

l^MjOx + CoSlM,Wx'\ 

I'SGx* + CoH^Wx' J 

r XMjG + Co'S\M.W'\ 

L2^+ c.rw J 


(146) 

( 147 ) 

( 148 ) 


The coordinates x and y in the above equations refer, of course, to the new 
axes XfXi and Yt-Yt. 

From these equations influence lines may be plotted for the new redundant 
forces Xt, Yt and Z« applied at point Ot. 
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For a unit load at any point on the arch span At (as, for example, point g, 
Fig. 47) 

point t 

^MjBy = V((7t/)A: (149) 

point 0 

cJXy-^^'y =« ( 150 ) 



For a unit load at any point on the arch span j4i(as for example point to) 
'SMjOy = 0 (151) 

q point p 

C, y M.TFy= X(<^JVy)k (152) 

p point m 

The influence line for the redundant may therefore be determin(5d by con- 
sidering the arch system as a double cantilever loaded with the elastic load system 



obviously the influence diagram for this redundant. 

In a like manner the other influence lines are readily constructed. Having the 
influence lines for the redundants X%,Yz and Zs, the stresses in either arch ring, and 
also in pier Pi may be obtained by analyzing each system separately. For 
example, supp>ose there are two loads Ps and Pi on the span A x and one load Pi on the 
span ]^om the above influence linesi values of Xi, Fa and Zs for this loading 
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may be at once determined. Having these values, the system ili-Pi becomes a 
cantilever under the action of five known forces, P 2 , P 3 , -Ya, Yz and Zz and three 
unknown redundant force 3 A, B and D applied at O 2 , the clastic center of the 
system AyPi (see Fig. 48). This system can therefore be analyzed by the 
methods ordinarily employed for fixed single-span arches on rigid supports. 

The system A 2 is clearly a cantilever under the action of four known forces 
Xzf Yzf Zz and P 1 and can be analyzed by statics (see Fig. 49). 

In the above manner stresses at any point in the system may be determined 
for any load condition. 

16. Series of Three Spans on Elastic Piers. — If the structure shown 
in Fig. 43 were to be supported at the right, on an elastic pier and a third arch 



span, as shown in Fig. 50, the terms Sr,Ar, and 2r,Ar of eqs. (116) (117) 

and (118) would no longer equal zero, and would have to be evaluated. 

This may be done as follows: Divide the structure into three elastic systems: 

System A i-Pi ) 

System A 2 [ (sec Fig. 51) 

System A 3 -P 2 



Fig. 51. 


Eqs. (116) to (118) inclusive may now be written for system A 2 and the evaluation 
of the terms 2rA developed in the following manner; 

Assume the three redundants X, Y and Z acting on the arch A 2 , the support 
from the system Ai-P| being replaced by bracket No. 1 and the support from 
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system As-P 2 replaced by bracket No. 2. Let o and o' represent the assumed 
terminal points on these brackets. Also let 

= the component of the reaction at point o' caused by the 
auxiliary loading X = unity and measured in the direction 
X-X. 

Try = the component of this reaction measured in the direction Y-Y, 
Txz = th(! reaction moment at this point due to this same loading. 
Arx, Ary aiul A,, = couiponcnts of tlic displacement of the support o' measured 
along the directions assumed for the redundant forces X, Y 
and Z respectively. 

It is apparent, therefore, tliat 


2rj;Af — TxxAfx -|“ TijjAry “1“ TxzAfM 

Now from the figure (Fig. .51) 

Txx = unity (1.54) 

Txy = zero (for conjugated axes) (L5t5) 

Txm = h cos (j> (156) 

Also 

A„ - Xd'xx + Y8\x + Zq\x -V (157) 

A„ = X8\z + Y8\z -f Z8\z + (158) 


The accent marks above are used to distinguisli the terms, etc., 

which arc displacements of the system A^-Pz under certain auxiliary unit 
loadings from the corresponding terms 8xxf 8xy} etc., which repnjsent displace- 
ments of the system A i-Pi as described in the preceding article. 

If the point o is so chosen that b = owe may write 

Sr .A, = Xd'xx + Y8\x + Zd\x + ^Fd^ox (159) 

Substituting back in cep (116) and also substituting for A, as in eep (122), we may 
write 

-cos (l>2McGy - EZFdox ~ EZFd'ox + X[(cos 0)^2^//- - X(6„ + 6',,)] 

- Y cos (t>[XGxy + X(5,. + 5'^.)] - Z[cos 0 ZGy + E{dzx + 5'«)] = 0 (160) 

In an exactly similar manner the other two clastic equations may be developed 
as follows : 

ZMjGx - EZF8oy -.EZFd'oy - X[cos 02Gx?/ + E{8xy + 6'x,,)] + Y[2:Gx^ 

- E{8yy + 8\y)] + Zl^lGX - E {d zy + 8' zy)] = 0 (161) 

XMjG - E^F8,z - E1:F8'oz - X[cos 02(7?/ + X(5.* + 5'x.)] + Y[XGx - 

Ei8yz + a',.)] + 2[S(7 - Ei8zx + a'„)] = 0 (162) 

It is at once seen that this arch system may be readily analyzed by substitut- 
ing an equivalent elastic system, XCoW, to replace Ai-Pi on the right and another 
system, XCo'W/ to replace A3-P2 on the left. 

The entire procedure is very much the same as that already outlined for the 
two-span arch system. Briefly outlined, the steps are as follows ; 

(1) Let it be required to analyze the three-span arch system shown in Fig. 50 , 
the end abutments being rigid and the center piers elastic. 
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(2) By means of the sections A~A and B~B divide this arch system into the 
central arch and the flanking elastic supporting systems Ai-Pi and ArP 2 (see 
Fig. 52). 

(3) Treating each of the flanking arch systems as a single fixed arch span with 
rigid supports, determine the constants Co and Co' (as outlined for Co in the pre- 
ceding article (see Fig. 52). 



5^5tcm ArPi System Aj-f} 

Fig. 52 . 


(4) Having the values of Co and Co', determine the substitute elastic systems 
SCoTF and 'LCo'W' (as shown in Fig. 53) and determine the true elastic center o 
for the entire system A^PvATPrAz. 

(5) Determine the value of <!> such that the axes A'-Y and YY arc conjugate 
axes for the entire elastic system. 

(G) The redundant forces A’', Y and Z for a load at any point on the span may 
now bo determined from formulas analogous to eqs. (146) to (148) inclusive. 



Fig. 53 . 

(7) With these redundants evaluated, the stresses in any portion of either 
pier or any arch rib of the system arc easily obtained. For example, under a 
single load P on the span Ai the values of X, Y and Z are first determined as 
shown in Fig. 54. 

The system Ai-Pi is clearly a fixed arch under the action of the four loads 
P, Xp, Yp and Zp and may be readily analyzed as a fixed arch on rigid supports. 
The system A 2 is a cantilever under the action of the three forces Xp, Yp and Zp 
applied at 0 , and is even more easily susceptible of analysis. The system Aa-Pj 
is an arch system similar to Ai-Pi except that there are in this case only three 
loads, Xpf Ypf Zp, 
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For a load on either of the other spans the procedure is exactly the same. 
The load P is obviously considered only for the span in which it acts, its effect 
on the other spans being measured by the values of Xp, Yp and Zp, 

In the above manner the influence line for the thrust moment or shear may bo 
developed for any point on cither arch rib or cither pier. 



Vm. 54 . 


17. Temperature Effects. — If it be desired to consider the effect of the 
clastic yielding of the supports on temperatures stresses, an (‘iitirely analogous 
procedure (based upon the simplification of eejs. (110) to (121) inclusive instead of 
(116) to (118) inclusive as before) may be readily worked out. 

If all of the spans arc of equal length and rise, the results will obviously be 
identical with those obtained by considering the pitjrs as rigid, since the temper- 
ature thrusts in this case will exactly balance and there will be no movement 
of the piers. 

Unless there be a marked change in span length, the error resulting from con- 
sidering all pier supports as rigid is exceedingly small, and in general the consider- 
ation of elastic pier yielding for temperature effects may be regarded as a needless 
refinement, especially in view of the uncertainty which exists as to the actual 
distribution of internal temperature throughout the interior of the rib. 

18. More Than Three Spans over Elastic Supports.— If there be more 
than two intermediate clastic piers for any series of arch spans, it is apparent that 
the above method must be somewhat modified. The effect of any load, however, 
is very small except for the span in which it is applied and the two adjacent spans 
for which reason it is hardly ever necessary to consider a series of more than three 
arches at one time. 
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THE ELLIPSE OF ELASTICITY IN ARCH ANALYSES 

19. General. — The subject matter of this chapter has to do with 
certain general properties and laws pertaining to tlic ellipse of inertia for any 
system of elastic loads XG and is the basis of a method of arch analysis somewhat 
similar to that presented in the foregoing chapters. This method, however, is a 
distinct refinement over the preceding method and is moreover especiaUy advan- 
tageous as adapting itself to ready graphical interpretation. 

20. The Ellipse of Inertia. — Through the center of gravity of any homo- 
genous solid, such as shown in Fig. 55, let two coordinate axes X-X and Y^Y 
be drawn at right angles to each other. Let x 
and y denote the coordinates of any elementary 
area dA, x being measured perpendicular to the 
axis X-X and y being measured perpendicular to 
the axis Y-Y, 

The term J* xHA represents the moment of 
inertia of the figure about the axis X-X, the term 
J*yHA^ the moment of inertia about F-F, and 
the term J'xydA^ a quantity known as the 
product of inertia about the axes X-X and F-F. 

In treatises on mechanics, it is proved that 
there will always exist two axes at right angles 
to each other in reference to which the product 
of inertia is zero. Such axes are termed the 
principal inertial axes. 

Let X-X and F-F be the principal inertial 
axes and let M-M and N-N be any other axes at right angles to each other and 


making with the principal axes the angle 0. From Fig. 55 

m = X cos <t> — y sin <j) (163) 

71 = 2 / cos <l> + X sin 0 (164) 

J*inHA = (cos* <t> X xhlA) — [2(cos0) (siii0) J^x7jdA\ 

+ (sin* 4> fijHA) (165) 

— cos* 0 ,/* xHA -f sin* 0 j*y^dA (166) 

(since by hypothesis xijd A = 0). 


But J* xHA = the moment of inertia about the axis X-X. 

J* yHA = ly the moment of inertia about the axis F-F. 

J* inH A = Im the moment of inertia about the axis Af-ilf . 

J* nH A = In the moment of inertia about the axis N-N, 

Whence 

= cos* 0 /, + sin* 0 ly (167) 

In a similar manner is derived 

In = cos* 0 /» + sin* 0 /, (168) 

Dividing through by A and denoting the radii of gyration about the several a?^ 
by the terms r,, r», Vm and r*, we have 

rm* =* cos* 0 r«* + sin* 0 r„* 
r»* « cos* 0 fy* + sin* 0 r** 



Fig. 


( 169 ) 

( 170 ) 
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The locus of the last two equations is an ellipse whose semi-axes lie in the lines X~X 
and Y-Y and are represented in length by the terms r* and Ty, This ellipse is 
known as the ellipse of inertia for the figure under consideration. 

If eqs. (169) and (170) be added, the following expression is derived: 

= r,* + r, (171) 

Since one of the intrinsic properties of the ellipse is that the sum of the 
squares of the semi-axes is equal to the sum of the squares of any two conjugate 
serni-diameters, eq. (171) indicates that the radii of gyration about any set of 
rectangular axes, as MM and NN^ are ecpii valent in value to the length of the con- 
jugate semi-diameters of the inertial ellipse corresponding to said axes MM and 
NN. Thus in Fig. 56, OB and OC arc conjugate semi-diameters corresponding to 
the axes MM and NN. Whence r« = OB and = OC. Since the eccentric 
angles for any two conjugate semi-diainctci*s always diffen* by 00 deg., the points C 



and B are located by dropping lines parallel to YY from the major auxiliary 
circle at D and E. The above method suffices for the determination of the radii 
of gyration about any set of axes at right angles to each other once the radii of 
gyration about the principal axes arc known. 

It will be observed that the radii of gyration arc represented in amount, but 
not in direction by the linear segments OB and OC. Thus the radius Vm is equal 
quantitively to OC, but its direction of action is perpendicular to the axis MM 
(see Fig. 56). 

It may further be shown from the general properties of the ellipse that a 
perpendicular dropped from the center 0 on to a tangent parallel to any axis, as 
MM, is equal to the radius of gyration rm about this axis (sec Fig. 56). 

For any area such as shown in Fig. 55, the principal axes may be located in the 
following manner. 

Assume any two axes ilf-M and N^N at right angles to each other and making 
with the principal axes the unknown angle Let X~X and F-F be the principal 
axes whose location in reference to the assumed axes is to be determined. 
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From Fig. 55 

X = m cos ^ + n sin <t> 
y — n cos (j> — m sin <t> 

J* xydA = 0 = [(cos* </> — sin* 4>) J^rnndA] + 

[(sin 0 cos (/>) J* nH A — J*mHA] (174) 

Whence 

2j*mndA 

y* m^dA — J* n^c/A 

With the angle </> known the principal axes are at once located and the ellipse 
of inertia may be constructed thereon. 

21. Inertial Ellipse for System of Load Concentrations in a Plane. — 

The theory of the inertial ellipse may be more readily understood by means of 
its application to the structural frame although the same laws hold for homo- 


tiin 2 — 


(172) 

(173) 


(175) 



gencous ribs as will be seen later. For this reason, the theory has been illustrated 
by the construction of a structural frame, as shown in Fig. 57. Consider the 
structural frame shown in Fig. 57 loaded with the panel point concentrations 
SF = Fi, Ft and let 0 be the center of gravity of the load system. If through 
tills center 0 a set of rectangular coordinate axes M-M and N-N be arbitrarily 
chosen, the angle 0 which these axes make with the principal axes is at once 
determined from the formula 


tan 2<t> = 


2ZFmn _ 
— XFm^ 


(176) 


The term 2JFx* represents the inertial moment of this load system about 
the principal axis X-X. The term 2Fy* that about the axis Y-Y and the term 
l^Fxy the product of inertia of the load system about the two axes. The inertial 
ellipse for such load system may be constructed in the same manner as for any 
homogeneous solid figure the principal semi-axes being given by the expressions 


OC 


(177) 


(see Fig. 58). It will also be noted that the perpendicular distance between 
any axis Af-M through the center of the ellipse and a parallel tangent M'-Af ' 
(Fig. 58) is given by the expression 

= Vw-’ (178) 
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22. The Inertial Ellipse for a System of Elastic Loads (The Ellipse 
of Elasticity). — If the load system XF be replaced by a system of joint loads 

representing the elastic weights G = I -i- AEp^(^- in case of rib structures), 

an inertial ellipse for the same may be constructed in the manner as hereinbefore 
outlined. Such an ellipse will have its center coincident with the center of 
gravity of the clastic load system 2)^ or the elastic center of the frame. This 
ellipse has been termed the ellipse of elasticity and possesses certain intrinsic 
properties which render it exceedingly useful in the analysis of elastic arch struc- 
tures — both framed arches and ar(;li ribs. 

23. General Properties of the Ellipse. -Before entering upon a discussion 
of the properties of this ellipse of elasticity in its application to arch analysis, 
certain fundamental theorems relative to the general i)roperties of the ellipse 



will be stated. The complete demonstration of such theorems form a portion 
of the subject matter of Analytical and Projective Geometry. 

Consider the elli])se shown in Fig. 59. If through any point Pm secants to 
the ellipse be drawn (as aa\ bb' and dd', Fig. 59), tangents to the ellipse at the 
extremities of these secants intersect in the points A, B, D, etc., all of which 
lie on a line (as M-M, Fig. 59). The line M-M is called the polar of the point 
Pm with respect to the ellipse in question. Conversely the point Pw is known as 
the pole of the line M~M with respect to this ellipse. The point P'm symmetrical 
with Pm about the center C of the ellipse is termed the antipole of the line M-M 
and conversely the lin6 M~M is the antipolar of the point P'». From Fig. 60 
it will be observed that the pole and antipole of an ellipse may fall either within 
or without the same. 

The following properties of poles, polars, antipoles and antipolars are of value 
in the succeeding discussion. 

(A) If the pole Pm (Fig. 61) of any line M-M lies on another line N-N, 
then the pole Pn of the line N-N lies on Af-M. In other words, any line 
as N-N drawn through P« has its pole on the line M-M. Also any line 
as S-S drawn through Pn has its pole on the line N-N. 

(B) If the antipole P'« (Fig. 62) of any line M-M lies on the line AT-JV, 
then the antipole P'* of the line N-N will lie on M-M, and conversely. In 
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other words, the same relationship exists between antipoles and polars or between 
poles and antipolars as set forth above. 

(C) In Fig. 60, it will be noted that as the line M-M moves parallel to itself 
in the direction indicated by the arrow, the point Pm, its pole, moves toward 
the conic until M-M becomes tangent to the curve at which instant Pm lies 
on M-M. Therefore I he polar of any point on the ellipse is simply the tangent 
to the curve at that point. 





Fin. 61. 


(D) Any lino passing through the center of the conic is called a diameter. 
From Fig. 63, it will be observed that the pole and antipole of any diameter as 
CD lie at infinity on a lino parallel to the tangents A'-P' and at its 

extremities. Two diameters each parallel to the tangents at the extremities 
of the other, are called conjugate diameters. We may therefore state the above 
relationship as follows : The 'pole aiid antipole of a diafneter fall upon its conjugate 
diameter at infinity * 



Fio. 63. 


{E) If in Fig. 61 the line P»-(7 be drawn through the center of the ellipse, the 
polars of all points on this line pass through a single point, namely the pole 
of Pn-C. But since P.-C is a diameter, its pole lies on the conjugate diameter 
at infinity. Therefore the line P«-C and a parallel to N-N through the center 
of the ellipse are conjugate diameters. Furthermore the line P»-C is the locus 
of poles and antipoles of all Imes parallel to N~N. The pole and arUipole of 
any line therefore lie on a diameter whose conjugate is parallel to the gwen line. 
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Any line joining a pole or antipole to the center of an ellipse is conjugated with a 
parallel to the corresponding polar. 

(F) The polar of an ellipse is the locus of points which divide harmonically 
secants through the pole. Thus in Fig. 64, if A be any point on the polar of 
P with respect to the ellipse there shown, the points A, B, P and D form an har- 
monic range, that is 


AB:BP::-AD:DP 

In Fig. 65 

PB ^ -PD 
BA DA 




Likewise from direct proportion 


Now 


Whence 


^ - P,/), ^ PtPi 

B\Ai DiAi AiDi 

1\B, = a- r„ 

BiA I r„ — (I 

Pxlh = (a -f r J 
AiDx = (r„ H- d) 


= ad 


(181) 


(182) 


(183) 


24. Properties of Instantaneous Centers for Elastic Loadings. — Bearing 

in mind the general properties of the 
ellipse as above set forth, we may now 
take up a general study of certain elastic 
functions hereinafter to be described. 

The clastic loads G, regarded as 
weights, each have a certain static 
moment about any assumed axis M-M . 
For example in Fig. 66, the static 
moment of these elastic loads about 
the axis Af-Af arc given in value by 
the term Gm. These elastic moments 
regarded as loads obviously have their 
own center of gravity which is in 
general coincident with the elastic center 0. This point may be termed the 
center relative to the axis ilf-Af . To illustrate more fully, Cmm the center rela- 
tive to the axis Af-AT is merely the center of gravity of the elastic moments Om 



yatfK centrr- 
the center ofgrxnr- 
efthe loads G 


♦ Theeenter ef^rae- 
; ify efthe hadsGm 
1±N 


Fio. 60. 
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considered as loads; the center Cnn relative to the axis N~N is the center of gravity 
of the elastic moments Gn and so on. 

Consider the clastic frame shown in Fig. 67 under the action of the load con- 
centration F applied at panel point a. In consequence of the action of this force, 
the point a will rotate about some instantaneous center 0 (whose location 
is to be determined) and through some angle 0 whose value, from the considera- 
tions stated in eq. (15), p. 456, is given by the expression 

« - SS 



Pia. (i7. 

where S = the stress in any member of the frame due to the load concentration. 
5 = the stress in any member of the frame due to a unit auxiliary 
moment couple applied at a, that is to say 

S = and 5 = - (185) 

P P 

. • . « = FXm = FXGm (186) 

Here(? 

If now two rectangular coordinate axes be arbitrarily drawn through point 
a as origin, it is at once observed that A. (the displacement of a along 
the axis X-X) is given by the expression 



Ax = _px<l> = pxFJXftfi 

(187) 

Similarly 




Ay s= PyF2Gin 

(188) 

(eee Fig. 67). 
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Now if an auxiliary load of unity acting along the line X-X be applied at 
point a, we have 

. sll OM 

where S = “ as before, and s = ^ = the stress in any member of the frame due 

p p • 

to a unit auxiliary load at a acting along the line X-X. 


Similarly 


. • . A, = FXmy = F2Cfmy 


Aj, = 


(190) 

(191) 


Equating the two values of Ax and A„ from cqs. (187) to (191) inclusive, and solving 
for p, and py, we have 


_ Y^hny 
" 2Gto 


(192) 


_ hGmx 

2£?»i 


(193) 


If the clastic moments Gm about the line of action (M-M) of the force F 
be regarded as weights, the coordinates of their center of gravity i)arallcl to the 
axes X~X and Y-Y arc given respectively by the terms 




(194) 




XGmy 

(195) 

whence 

Xfn = pv and ym = Px 

(196) 

Expressed in words 




The instantaneous center for any terminal point a of an elastic system under 
the action of a force F acting along any line M~M is coincident with the center 
relative to the line M-M ” of the elastic load system XG. 

If instead of the frame structure as above considered, the rib or solid webbed 
structure had been chosen and the same had been divided into segments ds having 


elastic weights G equal to j , the same law could easily have been demonstrated. 

26. Displacements by Means of the Ellipse of Elasticity. — Considering 
Fig. 68, the displacement Am of point a measured along the line M-M is given 
by the expression 

A. = 


^AE 


(197) 


Fm 


where S = ■ ■ - as before, and s = the stress in any member of the frame due to an 
P 

auxiliary unit load applied at point a, and acting along the line M-M (that is 

. m. 

to say, « = — ). . 




( 198 ) 
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If through the clastic center 0, a parallel to M-M be drawn, and if m' denotes 
the perpendicular distance from any panel point to such parallel, we may sub- 
stitute m = m + in' in the above expression and write 

+ 2i:Gmm' + SGm'* ^ (^6) 

Since 0 is the center of gravity of the elastic load system, the term 2SGmW/ 
vanishes and we may write 

_ + FSGm'* 

or since m is constant _ 

A« = Fm^XG + (200) 

From the relationship expressed in eqs. (194) and (195), we may also write 

( 201 ) 



F’lo. C8. 

Substituting Wm = + m (see Fig. 08) 

A« = Fm'Jnl^G + Fm^lX] (202) 

Equating the two expressions for A« (eqs. (200) and (202)) 

FSGm'a = Frn'^mm (203) 

Dividing through by FSG 

, — 2(7m'a , . 

(204) 

If a tangent parallel to M'M' be drawn to the inertial ellipse, and if repre- 
sents the perpendicular distance of such tangent from the center of the ellipse, then 

m'«m = or rn'm = ^ (205) 


From eq. (183), the distance from the center of the ellipse to the pole and anti- 
pole of the line Af-M is given by the expression 


. . a or a' 
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That is to say, the instantaneous center for the force F is either the pole or 
antipole of the line of action of this force with respect to the ellipse of elasticity. 
It cannot be the pole for, if such were the case, when the force F were in a direc- 
tion such as to bring its line of action tangent to the ellipse, the instantaneous 
center would be on the line of action of the force itself. (A polar tangent to an 
ellipse passes through its own i)ole.) As this is manifestly impossible, the 
instantaneous center must be on the antipole. 

The above relationship constitutes the fundamental theory underlying the 
entire method of the ellipse of elasticity. Expressed in words : 

In any elastic structural frame if the elastic loads XG be employed to comtruct 
an inertial ellipse^ the instantaneous center for any force F acting along a line M-Af 
will be the antipole of such line M-M with respect to this ellipse. 

The same law obviously holds for the elastic rib structure as well as the elastic 
frame. 

Based on this conception, the following fundamental properthjs and uses of 
the ellipse of elasticity may bo stated: 

(1) Any force whose line of action passes through the elastic center can cause 

motion of translation only, as its 
instantaneous center lies at infinity 
(the antipole of a diameter lies at 
infinity). 

(2) The direction of the resulting 
displacement is perpendicular to the 
diameter conjugate to the line of 
action of this force (the antipole of a 
diameter lies upon a conjugate diameter 
at infinity). 

(3) The displacement A^m of any 

force Fm along its line of action is equal 
to the product of the force by the 

moment of inertia of the elastic load system about the line of action of the 

force. That is to say, 

= FXnm^ (208) 

This term is equal to the product of the force by the expression a.b,XG (see Fig. 
69) where a represents the perpendicular distance from the line of action of 

Fm to the center of the ellipse and b the perpendicular distance to P'm, the 

antipole of the line of afetion of Fm with respect to this ellipse. 

(4) The displacement Amn of any force Fm in the direction N-N is equal to the 
product of the force by the product of inertia of the elastic load system about 
axes M-M and N-N. That is to say 

Amn = FXGmn (209) 

This term is equal to the product of the force by the expression a,c,XG. 
(see Fig. 69). 

(5) If the line N-N passes through P'm, then c becomes zero and the displace- 
ment Amn is zero ; that is to say, the total displacement A » is perpendicular to N-N. 

From the reciprocal relationship between polars and antipoles, the center P'« 
must in this last c^e fall on the line M-M. Consequently the displacement A. 
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due to a force Fn acting along the line N~N would be perpendicular to Af-M. 
In other words, if any axis N~N passes through the point a and the instantane* 
ous center P'm for the line M~M, then P'« (the instantaneous center for any force 
acting along the line N-N) will fall on Af-Af . 

(6) Since the displacement of any force passing through the elastic center is 
perpendicular to the conjugate diameter, the product of inertia of any two con- 
jugate diameters will (from (4) above) always be zero. This offers a ready 
method of locating conjugate diameters. 

(7) The angular movement of any terminal point such as a is given by 
the expression 

<t> = FXGm (210) 

representing the product of the force by the static inoiiient of the clastic load 
system about its line of action. 

(8) There are but two directions along which a force acting through the 
clastic center will produce a displacement j)arallel to its line of action — ^namely, 
the two principal axes of the ellipse of elasticity. That this is true follows at once 
from the fact that the major and minor axes of the ellipse are the only conjugate 
axes at right angles. 

26. Method of Constructing Ellipse of Elasticity. — ^Therc are two methods 
which may be used to locate the antipole of the ellipse of elasticity. The 




first, a purely graphical method, presents the advantage that the ellipse itsclt 
need not be drawn, only the principal axes being necessary to the construction. 

The method is as follows: On the two axes construct the major and minor 
circles, as shown in Fig. 70, thus determining on the principal axes the points 
A and B. Join A and (7, and B and 2>. Draw AE perpendicular to AC and BF 
perpendicular to DB. Parallels to the principal axes through E and F intersect 
to locate the antipole P'm of the line Af-Jlf (see Fig. 70). 

The second method, a semi-graphical one, requires the ellipse itself to be 
accurately drawn (with an ellipsograph, this may be readily accomplished). 

The construction is as follows (sec Fig. 71) : Bisect the chord A-B of the polar 
Af-Af intercepted by the conic. The line joining this mid point and the center 
C of the conic is evidently conjugated with a diameter parallel to Af-Af at^ k 
hence the locus of the antipole From C drop a perpendicular upon 
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and draw the tangent parallel to M-M intersecting this perpendicular in the 
point D, The point H is now located from the relation 


CH - 


( 211 ) 


and a perpendicular through II cuts the locus EC produced in P'», the antipole 
of the line M-M as required. 

The ellii)se of elasticity may be very conveniently employed in the analysis 
of both arch ribs and framed arches. For the solid rib, moreover, such method 
of analysis offers a distinct refinement over ordinary methods as will bo 
hereinafter pointed out. To illustrate the ai)plication of this theory, analysis 
will be made of a fixed highway arch span of reinforced concrete. It will be 
noted that the fundamental operations are no different from those employed in 
the analysis of any fixed arch as described in preceding articles. 

27. Analysis of a Fixed Arch Rib by Means of the Ellipse of Elasticity. 

27a. General. — The span under consideration is shown in Fig. 72, 
being the unsymmetrical end span of a series of three arches. Wc shall assume 
that the piers are of sufficient dimension to warrant th(‘ir consideration as fixed 
supports and will proceed first with a consideration of the end span. The 
strength of the rib being within small limits directly proportional to its width, 
wc may first investigate a strip 12 in. in width, afterward determining by direct 
proportion the necessary Avidth for each rib to carry its requisite pro rata of the 
load. Each 12-in. strip is reinforced with 1 sq. in. of intradosal metal and 
1 sq. in. of extradosal metal. 

276. Detailed Analysis of End Span. — The analysis may now pro- 
ceed as follows: 

Operation No, 1. — Divide the arch rib into any arbitrary number of “vous- 
soirs” or arch blocks of equal length and compute for each voussoir the term 
da 

G = ^ representing the “elastic Aveight^' of the segment exactly as set forth 

in preceding articles. Note that the elastic weight represents the angular dis- 
tortion d<l>, due to a unit auxiliary moment couple. That is to say, 


For framed arches 


G = 


7/iV/s _ (unity)d5 _ da 
El ~ El ~ Ei 


G = (/</) = 


aH 

AE 


(my 

\p/ 1 J_ 

AE AEp^ 


Since the term E except for temperature effects always occurs in both the 
nungMaftKiqr 8&d denominator of all expressions for the redundant members, this 
ten]^:)^j^ be given any value for convenience. For example, in Fig. 72, E was 

taki^^ual to unity ^whence ^ = j )• In any case, the true value of E must of 

couw^employed when solving for temperature stresses. 

particular case, the arch rib has been divided into but twelve voussoirs 
in order to avoid the use of a large number of lines on the drawing. In actual 
practice for the desired precision, it would doubtless be desirable to use atleast 
twenty divisions. 
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Where the divisions are comparatively short and where the cross-section 
of , the rib does not change materially throughout the length of the voussoir, 
the point of application of the elastic load G may be considered 'as coincident 
with the midpoint on the segment of axis included within the limits of the block. 
For longer divisions, or where the cross-section of the block is rapidly changing, as 
in the case of voussoirs No. 1, No. 2, No. 1 1 and No. 12, it is better to subdivide the 
voussoir into smaller component blocks and, considering the elastic load of each 
of these subdivisions applied at its center, calculate or determine graphically 
the more exact elastic center or center of gravity of the component elastic loads. 
For example in a, b and c of Fig. 72, block No. 1 has been divided into four 
equal linear subdivisions !«, 1ft, Ic and Id and the clastic weight G of each sub- 
division (considered as aiiplicd at the center of that subdivision) used graphically 
to construct a ray diagram and equilibrium polygon, thus determining in the 
usual manner the “elastic center^' of the entire voussoir (see Figs, ti, 6, andc, 
Polygons A and B). 

The elastic weights for each voussoir are given in Table 1 below. 


Table 1. — Caloulation op Elastic Weights 


Voussoir 

No. 

1 

h (ft.) 

; I, = (/, + nh) 
(foot units) 

1 

ds (ft.) 

G 

ds 

“ / 


la 

7.00 

: 43.12 

2.53 

0.058 



1ft 

7.30 

34.87 

2.53 

0.072 


1 

Ic 

6.70 

27.07 

2.53 

0.093 



Id 

Total 

6.00 

19.63 

2.53 

0.129 

0.36 

2 


4.45 

8.19 

10.12 


1.24 

3 


3.00 

2.59 

10.12 


3.92 

4 


2.35 

1.28 

10.12 


7.92 

5 


2.18 

1.02 

10.12 


9.92 

6 


2.15 

0.98 

10.12 


10.32 

7 


2.12 

0.94 

10.12 


10.76 

8 


2.15 

0.98 

10.12 


10.32 

9 


2.18 

1.02 

. 10.12 


9.92 

10 


2.40 

1.36 

10.12 


7.46 

11 


3.25 

3.28 

10.12 


3.08 


12a 

4.00 

6.00 

2.53 

0.422 



12ft 

4.42 

8.04 

2.53 

0.316 


12 

12c 

,4.72 

9.75 

2.53 

0.260 



12c/, 

TotS 

5.05 

11.86 

2.53 

0.214 

1.21 


Operation No, 2 — Location of Elastic Center of Entire Arch . — ^With the clastic 
load system determined as above, the elastic center of the entire span is located 
as follows: Lay off load line 2G vertically and with any pole distance He (Fig. 72) 
construct ray diagram C and equilibrium polygon C. Segments a/ and mi' 
of this polygon intersect in oi^ on a vertical containing the elastic cente^ o. Next 
draw ^orisontals through the elastic center of each voussoir and upon th<|^ 
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construct equilibrium polygon D, each segment of which is perpendicular to 
the corresponding ray of ray diagram C, The first and last segments a/' and 
•nil' of this polygon intersect in o" on a horizontal containing the elastic center a. 

Thus is located the elastic center of the entire span which, according to Art. 
22, p. 500, is the center of the “ellipse of elasticity’' for the arch span as a whole. 

Operation No. 3 — Determination of Conjugate Redundant Axes . — In the dis- 
cussion of arch analj'^sis which forms the subject matter of the preceding chapters, 
it has been shown that the redundant forces applied at the elastic center of any 
arch system should alw^ays be in a direction such that the term T^Oxy would vanish. 
In other words, these axes must be so located that the product of inertia of the 
elastic load sj^stem about the same must ecjual zero. This clearly means, from 
a consideration of the ])receding chajiter, that these axes may be any pair of 
conjugate diameters of the ellipse of elasticity. Therefore, we may arbitrarily 
select any diameter of the ellipse. (The vertical diameter is preferable for reasons 
which will be apparent as the analysis is (level o])ed.) Selecting this vertical 
diameter, the conjugate diameter remains to be located as follows: 

Select any arbitrary vertical axis as M-M^ Fig. 72, and produce the segments 
of equilibrium polygon C to cut this line in segments as shown. These segments 
arc clearly equal to the terms Gm (times some constant) where Gm represents 
the static moment of any elastic load about the axis M-M. (Considering t.lu'sc 
intercepts, Gm (A' 2 ) (or Gm He), construct a ray diagram for the same (ray 
diagram E, Fig. 72) and the corresj)onding equilibrium ])olygons (polygons A and 
F, Fig. 72). Each segment of the equilibrium polygon F is drawn ])erpendicular 
to the corresponding ray of ray diagram E. Thus in exactly the same manner 
as was previously adopted for the load system SG, the center of gravity of this 
new load system (K) 2!}Gm is determined. 

From the preceding chapter, this last determined point is the “center relative 
to the axis M-M” for the elastic load system SG and hence from Art. 26, p. 504, 
is also the antipole of the line M-M with respect to the ellipse of elasticity for 
the system 2)(7=(ri .... Gn. 

The line joining the elastic center 0 Avith this ncAvly determined antipole is 
(from Art. 23, p. 500) conjugated Avith the assumed vertical diameter (see 
paragraph E, Art. 23 — “ Any line joining a pole or an antipole to the center of the 
ellipse is conjugated Avith a diameter parallel to the corr(\sp()nding polar”). 

Operation No. 4 — Evaluation of Redundants. --'JOxactly as in forrmir probhnns, 
the left support is iioav remoA^ed and replaced by a rigid bracket terminating at the 
clastic center 0 . 

Using for the redundant axes the conjugate diamet(*rs above det(;rinijied, tlui 
formulas stated in oqs. (73) to (75) incIusiA^e may be employed. Thus for a unit 
load at any point g 


cos 4>^Gy^ 


(73) 


If for convenience in this case, we measure the ordinate y perpendicular to the 
axis X-X rather than vertically as heretofore, we may write the above equation 
as folloAvs - 


. _ 

' 2Gj/‘ 


(73A) 
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In a similar iiianuer: 

X‘,k(7x 
SGV* 
l',kCr 

y __ 

“ ~ i:g 

Operation No. 5 — Redundant Influence Lines . — The influence lino for the redun- 
dant Z is constructed exactly as described on p. 510, to wit: The pole distance 
He used in drawing ray diagram C is taken equal to the quantity 2G. The ordi- 
nate to the equilibrium polygon C intercepted by the vertical through any point 
(for cxam])le point g) measures to the scale of the arch diagram the term 

7 = 

vg 


(74) 

(75) 


The area includ(i(l between the polygon C and its final segment mi' is, therefore, 
the influence line for the redundant Z. 

For the determination of the influence lines for the A" and F rediindants, the 
method herein presented involves a distinct refinement 
over the method outlined in previous articles. It is 
noted that the expressions for these forces (eqs. (74) |l 

and (73^1)) involve the use of the elastic loads G.x 
and Gy. 

Heretofore these loads have been assumed as acting 
at the center of gravity of the voussoir or arch block in 
question, which assumjitioii is not strictly true as shown ^ o 
from a consideration of Fig. 73, which figure rej)rcsents ^ 

any single voussoir or rib. If this segment, whose elastic 
weight is (7, be divided into smaller segments, each of 
whose elastic weights be represented by the term df7, the 
center of gravity of the small component clastic weights 

dG is very closely coincident with the center of gravity ^ 

of the entire segment. The weight may therefore be ^ 

considered as applied through the center of gravity of ' 

the entire segment without material error except when 

the segment is long or of rapidly changing cross-s('ction, 1 1 

in which case, it is split up into smaller sections and the 

true clastic center determined as was done with segments Pig. 73 . 

No.l and No.l2 for the arch under consideration. For 

the redundant Z therefore (where only the loads SCr arc involved) the method 
above outlined introduces no material error. 

If each one of the above component weights be multiplied by its distance m 
from any axis M-M, the center of gravity of the component moments dGm do 
not by any means fall at the gravity center of the section but at some point Pm* 
whose location is yet to be determined. 

The load systems Gx and Gy should not, therefore, be applied at the gravity 
centers of the various voussoirs but at some other definite point which must be 
found for the load Gx and also for the load Gy for each segment or voussoir of 
the span. 
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From the considerations set forth on p. 502, the center of gravity of the elastic 
moments Gx is coincident with the center relative to the axis F-F for all the 
infinitesinial clastic weights dG included in one voussoir. These centers are 
coincident with the antipole of the axis F-F relative to the ellipse of elasticity 
of each voussoir block. These individual ellij)ses are drawn for each voussoir 
in Fig. 72 and are shown cross-hatched. 

Since a force applied along the arch axis will cause a linear distortion in the 
same direction it follow's from the considerations which form the subject matter of 
the preceding chapter that one of the i)rincipal axes of the ellipse of elasticity for 
each voussoir lies in the axis of the arch. The value of this distortion (Art. 26 , 
p. 504) is given by the expression 

A = FX(dG)ni^ = FGb^ 

where h is the semi-axis of the (illipse of elasticity perj)endi(!ular to the arch axis. 
But 

4 - fQ) - f(*)(;) - ;«(y 

therefore h, the semi-axis i)erpendicular to the arch axis, is given by the 
expression 

6 = Vi = Wii 

In a similar mannei a, the s(‘rni-axis lying in llu‘ arch axis, is given by the 
term 

The major axis in this case w’ill be constant for (‘ach voussoir since ds is con- 
stant; the minor axis shown will vary with the depth of arch rib. 

The antipoles Py' are located by means of the graphical construction shown 

in Fig. 70, p. 507. In this manner the antipoles Pyi' Pyu' are located 

and the elastic moments Gx for e*ach voussoir considered as acting through these 
points. This, as above stated, is a distinct n'fimunent over the ordinary method 
wdierein the term Gx is considered as a loadacting at the center of each voussoir. 

Using the above refinement thendore the procedure is as follows: Produce the 
rays of polygon C to intersection wuth the axis F-F, the intercepts on this axis 

measure the tcjrrns or ^wh(?rc A '2 = jj Applying these elastic 

moments as weights through the corresponding antipoles Py', another ray 
diagram (ray diagram A, Fig. 72) is drawn using an arbitrarily selected pole 
distance Hn. With this pole distance, equilibrium polygon N is constructed any 
ordinate to which through any point (say point g) represents (to the scale of the 
arch rib drawing) the term 



where Ki = a constant as yet unknown. In other words, the cross-hatched 

area of equilibrium polygon N is the influence line for the redundant F with the 
unknown factor yt' 
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This factor may be determined by computing the term algebraically and 
from this the term Ki, but such a procedure is not necessary since the intercept 
of polygon N on the axis 7-7, included between the first and last segments 
(ao' and me/ Fig. 72) represents the term 


K 

K 




This ordinate therefore determines the value of 


K, 

K, 


, thus making completely 


determinate tlie influence line for the redundant 7. 

The X influence line remains to be determined, which may be done as follows: 
The clastic loads arc laid off on a load line parallel to the axis X-X, With pole 
distance Hgy ray diagram G is constructed and from it eciuilibrium polygon G. 
These loads are assuriKid to act on lines parallel to the axis X-X through the 
elastic center of each voussoir. 

Segments of equilibrium polygon G produced intercept on the axis X-X, 


(hf 

segments representing to scale the terms jj- (= 0.05 6'?/ in this case). Using these 

a a 

segments as W(;ights ai)pli(*d at the antipole of the line X-X with respect to 
the ellipse of elasticity for each voussoir, ray diagram K and equilibrium polygon 
K are next drawn. The first and last sides of this C(iuilibrium polygon intercept 

v ^;^2 2 ) 6 ?/* 

on the axis .V-A' a sc'gment rej)esenting to scale the term jj jj — (sec Fig. 


72). 

The vertical load line fr)r the elastic moments Gy is n(^xt drawn and with pole 
distance Hm — K-^'^Gy- (in this ca.se Kz = 0.20 has been used) ray diagram M 
and eciuilibrium polygon M are constructed. Note that the (Mastic moments Gy 
are applied vertically through the antipoles Px' of the axis X-X. An ordinate to 
equilibrium polygon M through any point g repre.sciiits the term 


^),kGy ^ Xg 
Kz^Gip ~Kz 


(in this case 5A „) 


This equilibrium polygon is, therefore, tlie influence area for the redundant X 
with the factor 5. 

As a general check on the accuracy of the graphical work, the first and last 
rays of equilibrium polygon G should intersect on the axis X-X. Also segments 
Os' and ms' of equilibrium polygon M coincide. 

With the redundant influence lines drawn the values of X, Y and Z may be 
readily determined for any position of loading and from these values the shear, 
thrust or bending moment at any point as explained in previous articles. From 
these redundant influence lines, stress influence lines, moment, shear, or thrust 
influence lines for any point in the structure may be readily constructed. As 
this phase of the work has already been fully discussed, the problem herein 
given need bo carried no further. 

It will be noted that the segments determined by equilibrium polygons 0 
and K are quite small, which greatly increases the liability of error. For this 
reason, the graphical work should, by all means, be checked by scaling the dis- 
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tances x and y and algebraically calculating the terms Gx^ Gy^ Gx^, Gy^, XGx^ 
and XGy\ 

Oyeralion No. 0 — Unijorm Temperature Effccia- -The value of th(i redundant 
forces XtjY i and Zt arc given directly from ecjs. (92), (05) and (90). 

As a check on the above calculations, it will be noted that since a uniform 
tenip('rature change causes the rib to change' dimensions eepially in all dirc'ctions, 
the distortion due to the resultant At, of Xt and 1^, must be along the line joining 
the; extremities of the arch axis (the line q-py l^'ig. 72). From the thc'ory of the 
ellipse of elasticity therefore the resultant /f* must act along a diameter of this 
ellipse whose conjugate is perpendicular to this line q-p. 

The ellipse of elasticity for the entire arch rib ma}" be readily constructed from 
the considerations of this and the preceding chapter. 

Operation No. 7 — Effect of Direct Axial Stress." -These stn'sses may be evalu- 
ated in exactly the same manner and by nn^aiis of the same formulas as set forth 
in Art. 12e, p. 475. 

Operation No. 8 — Stresses Due to Variable Temperature Effects. — Tht*,sc 
stresses may be evaluated b}” means of the formulas givc'ii in Art. 12d, j). 474. 

It should be noted that in the problem under discussion, the ordinates y lias 
(for conveni('nce) been me'asured perpendicular to the axis X-X while in the 
chapters giving the development of general elastic equations and infliK'iicc lines 
for rib arches, this ordinate was measured vertically. Tn using formulas (57) 
to (115), inclusive, therefore the present term ?/ replaces tlu' term y cos </> of the 
chapters above mentioru'd. For y ordinat(\s measured jx'rpendicular to the 
X~X axis therefore th(i formulas become: 

For uniform temjierature: 



Z, - 0 


For variable ti'inperature: 


Xr = ± 

Ye = + 


h 

XGy'^ 

h 


Ze = 1 




(hi 

h 


^G 


21c. Analysis of Symmetrical Center Span. — Assuming a rigid 
support from each of the intermediate piers, the central span may be analyzed in 
a manner analogous to that hereinabove described for the unsymmetrical end 
span. 

In this case, however, the symmetry of the span clearly indicates that the 
product of inertia about two axes, one vertical and one horizontal is zero. 

Since there are but two conjugate axes of the ellipse of elasticity which can 
be at right angles (to wit: the semi-axes), the ellipse of elasticity for the entire 
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span is at once determined. The major axis of this ellip.se is horizontal and is 
given in length by the expres.sion 

Semi-major axis = 

Similarly: Semi-minor axis = 

27(1. Effect of Elastic Yielding of Piers.— A solution taking into 
account the elasticity of the intermediate juers may be effected in much the same 
manner as d(!Scribod in the chapter entitled “Multiple Span Arches on Elastic 
Piers.” The refinements as regards the point of application of the clastic moments 
Gx and Gy render this method more precise than that outlined in the chapter 
just mentioned. 

For a furth(*r and more complete consideration of this subject, reference is 
made to Chapter VIII of llool’s “Reinforced Conerete Construction,” Vol. III. 
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ABUTMENTS AND PIERS 

28. Arch Abutments.- -An jircli a!)utment is held in equilibrium by the 
following forces: 

The thrust of the arch ring. 



The weight of the abutment and filling material suiwrimposed thereon. 
The pressure from the foundation. 

The friction of the foundation. 
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Consider, as an illustration, the abutment shown in Fig. 74. We will analyze 
this abutment for dead load thrust only as it is apparent that stresses produced 
by any given live load thrust may be obtained in an exactly similar manner. 

The section HKGED is composed of concrete and may be assumed to weigh 
1501b. per cu. ft. 

The section A'B^KTl is the fill over the abutment proper which may be assumed 
to weigh 120 lb. per cu. ft. 

Lay ofif KB = of KB', and also liC = of UA'. 


The section HCBK is therefore a section, which, if it were of masonry, 
would weigh exactly the same as the (ill section A'B'KH. We may, therefore, 
anal 3 ''zc the structure considc'ring the abutment to be of concrete throughout 
and having the section BCD KGB. 

The center of gravity of this section is found to be 0.57 ft. to the right of 
the center line of the base as shown in Fig. 74 and the total w^cight found to be 
92,330 pounds. 

The arch ring thrust, 54,700 lb., is combined with this force (applied at the 
gravity ctmter) and the resultant determined. 

This resultant passes through the base at a point 2.67 ft. to the left of the 
center of the same, and has a vertical component of 122,000 lb. and a horizontal 
component of 45,<S00 lb. 

'riio maximum pressuni w41l obviously occur on the outer or left-hand corner 
of the base and is approximate*! y given in amount by the term 



+ 


Me 

I 


w'here N = the total vertical load. 

A = the area of the base (in vertical projection), 

M = the moment of the vertical load about the center of the base. 
c = the distance from the center line of the base to the extreme toe fiber. 
1 = the moment of inertia of the base about its lateral center line. 


In this case 

iV = 122,000 lb. 

A = 24 X 1.0 (since a strip 1.0 wid(j is being considered) 

M = A^(2.67) 
c = 12 ft. 

^ hh^ (24)3 . , , , 

„ 122,000 , 122,000(2.67)12 122,(MK) , (6) (122,000) (2.67) _ o taa lu 

/ 2T ^ (24)3 -"12 '(24)3 -8,o001b. 

12 “ 

’'Fhe pr(?ssure on the extreme inner face of the abutment is obviously 
N Mp 

A ” / ‘ - '^»400 = 1,700 lb. 

No account has been taken of the fact that the plane DE is not horizontal. 
This would oi)erate to change the value of I very slightly. The principal reason 
for cutting the corner DEF is to increase the resistance to lateral movement 
and to save material. 
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In the above analysis the structure chosen was a solid barrel arch whose 
width was practically the same as the width of the abutment for which reason a 
strip 1 ft. in width was chosen for analysis. In this case, therefore, the thrust, 
54,700 lb., repri'sents the dead load thrust per foot of arch ring. 

For structures of this type, we may at once write : 

A = L X 1.0 == L where L is the length of the abutment bascj. 

M == A'c where c rej)rescnts the ecccuitricltj' of the thrust measured from the 
center of base. 

7 

12 

L 


Wh(' 




If the arch is of the rib type sprung from a solitl abutment, it is customary to 
assume a certain width of abutment as 
carrying the thrust from each rib; thus in 
Fig. 75, we may assume that tlie width IF/ 
carries the thrust of rib No. 1, Wz that of 
rib No. 2, etc. In this case, the value of 
the thrust used is that for one rib and th(' 
value of N is derived from the resultant of 
such total rib thrust and tlie weight of the 
abutment for the width TK. 




/? ^ 

J. 


— 

r~^ 



- - 

1 




(a) Rebultonf Cuts Outer Cdgg 
of Middle fhrd of Bose 


Fm. 7 . 1 . 


IfclRcsultont Cufs Center 
of da'jQ 


Resultant Cuts Base 
Outside of Middle Third 

hfted from 


Fig. 7(J. 


Tlie formula then becomes 
N 

LW 


P = 


6 ATc _ N/ 6c\ 
* TFL* LW\ - l) 


In any case, therefore, the toe pressures arc functions of the terms 
If c is less than it is apparent that both of these terms will be positive, or, 
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expressed in words: If the resultant abutment pressure passes through the middle 
third of the base, the entire area will be in compression. 

If the resultant cuts the edge of the middle third, the pressure on one too is 
2N 

zero and on the other ^ as shown in Fig. 7Ca. If it cuts the center line, the 

N 

pressure on the base is uniformly distributed and (iqual in value to one-half 

the above value (see Fig. 76i)). If the resultant falls outside the middle third, one 
to(^ is lifted from the foundation as the connection between abutment and foun- 
dation cannot take tension (see Fig. 76c). Such an arrangement will cause the 
entire load to bo coiicciitratc^d on an area less than that of the full abutment base, 
and, therefore, result in heavy toe pressures. In this case, it is s(‘en that a portion 
of the bas(^ is idle as far as helping to sustain the load is conc(irned and represents 
a waste of material. If the pressure line falls entin^ly without the base, the abut- 
ment will obviously overturn. 

The design of abutments, therefore, resolves itself into the seh^ction of a mass 
of size and w(M’ght such that the n^sultant pressure (nits the basii as near as possible 
to the cc^nter line of the sanu', and in no ease outside the middle third. 

Toe jiressures should be determined for: 

(1) The dead load thrust as above d(‘scribed. 

(2) Dead load thrust in combination with the c.xtreinc up]>er position of the 
live load thrust. 

(8) Dead load thrust in combination with the (extreme lower position of the 
live load thrust. 

(4) Dead load thrust in combination with temperature thrusts and tensions. 

All of thi'se cases differ only in the value of arch thrust used for combining with 
the weight of the abutment and superimposed fill. 

In addition to the above determinations, each abutment should be investi- 
gated to determine its nssistaiicc to sliding laterally. 

In the case illustrat(*d aI)ove, the horizontal component of the n'sultant base 
pressure is 15,800 lb. Assuming a coefficient of friction of 50 jK*r ei*nt for masonry 
against the foundation material, the ivsistaiu^o to 
sliding amounts to 50 per cent of 122,(KK) lb. ^ 

G1,0(K) lb. 

The abutment, therefore, will not slide under dead 
load for a friction coefficient of 50 per cent. 

The coefficient of friction for masonry on dry clay 
is about 55 per cent where the surfac(‘s are fairly 
smooth. If the surfaces are roughened or serrat(*d 
the frictional resistance is greatly iiuu-eased. 

In the above analysis, no account has been taken 
of the jiassive resistance of the earth back of the Fio. 77. --'Serrated al)ut- 
abutnnmt, nor of the frictional n^sistance of the filling footings, 

material over the masonry, both of which tend to increase greatly the resistance 
to lateral movement so that the above design may be held quite safe against 
lateral movement for ordinary foundation materials. 

Where rock foundations are encountered, which is usually the case in masonry 
arch construction, serrating or stepping the rock as shown in Fig. 77 greatly 
increases the resistance to lateral displacement. 
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Where the water surface comes above the bottom of the abutment footings, 
the buoyancy of the water decreases the weight of tlio submerged portion by G2.5 
lb. per cu. ft. This buoyancy factor operates to decrease the value of JV, I)ut also 
to increase the value of c w'here the resultant falls outside the center line of the 
abutment. It is, therefore, necessary in such cases to compute the toe pressures 
for both low-water and high-water conditions. 

Where pile foundations arc employed, it is generally considered better resultant 
practice to drive the pile on a batter a])proximately parallel to the dead load thrust 
line in order to insure against lateral movement due to bending in the pile. It is 
not always possible to secure a batter as great as this, and if the difference in 
angle between piling and thrust line is very great, a rc-dcsign of the abutment to 
pull down the thrust line is warranted. 

29. Arch Kers. — For equal arch spans, the horizontal components of the 
dead load thrusts balance so that the resultant is vertical and passes through the 

center of the base. Where the spans are unequal, 
unequally loaded, or of difTerent shape, the resultant 
is inclined and eccentric (see Fig. 78). The analysis 
of foundation prcjssures on piers is thus a problem 
exactly similar to that for abutments. 

Whenever a bridge structure is to comprise a large 
number of arch spans in series, it is customary to 
design every fifth or sixth pic'r in such manner as to 
withstand the total thrust from cjither side considered 
alone. Such a pier is termed an abutment pier and is employed to take up the 
effect of any slight movement of an intermediate pier which would otherwise trans- 
mit some stress from end to end of the bridge. 

Ordinarily piers are so designed as to practically fixed and unyielding und(;r 
the thrusts from adjacent arches for all conditions of loading. In suc.h a case, 
the arch ribs arc analyzed on the assumption of absolute rigidity at spring lines. 
For exceptionally high piers, however, it may be lU'cessary at least to investigate 
the effect of elastic displacenuiiit of tlie piers und(*r load. Tlie analysis of arches 
on elastic piers has already been discussed. 
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DETAILS OF REINFORCED CONCRETE ARCH BRIDGES 

30. Reinforcement. — lieinforcing for arch ribs and rings generally consists 
of a series of longitudinal bars f)ara]lel to and from 2 to 3 in. from the intrados 
and a similar scries of extradosal bars in combination with transverse distribution 
or temperature bars, stirrups, etc. In a few instances, single line reinforcement 
consisting of intradosal bars at crown, bent up at or near the quarter points, 
and thence running as extradosal bars to the abutment have been employed. 
Such a system, however, is highly unsatisfactory and has been practically dis- 
canled by the i)rof(*ssioii at this time. 



Vm. 7\). Fk;. SO. 


Figure 79 shows a few typical schemes used for placing reinforcement both 
in rib and barrel arches; these being only a few of a great variety of arrangements. 

Figure 79« is typical of a class of reinforcements known as fabricated or struc- 
tural reinforcement. The main rib bars are of angles, angles and plates or 
channels and are generally connected by batten plates and lattice bars to form 
a complete rib unit. The lattice bars distribute the stresses and act as shear 
reinforcement and also as a bonding agent. 

When the intradosal bars are thrown into tension, there is a tendency for 
the same to straighten and thus operate to crack loose the concrete underneath. 
Lattice bars tying the intradosal and extradosal system together operate to 
counteract the above tendency. 

The use of fabricated reinforcement is not always limited to rib arches, but 
may be employed for barrel arches as well. Sometimes it is convenient and 
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desirable to devsign the rib reinforcement sufTicicntly stiff to carry the dead load 
of the green masonry and attach the rib form work thereto, thus dispensing with 
the use of centering. 

The bar type of reinforcing in every case consists of longitudinal rib bars 
near both intrados and extrados. For areli ribs, these bars arc geiu'rally h(dd 
in position by means of spacing hooi)s which also act as shear reinforcement. 
For barrel arehes, the main bars are used in conjunction wdth transvc'rse bars 
top and bottom (as sliowu in Fig. 796) whose function is to distribute load con- 
centrations and to act as temperature and shrinkage reinforcement. Stirrup 
bars cither individual or continuous, arc also employed (Fig. 796). 

31. Spandrel Walls. — For filh'd arches, the longitudinal walls (termed spandnd 
walls) may be designed cither as gravity walls (see Fig. 80tt), as cantilevered 
walls (Fig. 806), as counterforted walls (Fig. SOc), or as buttressed walls (Fig. 
sod). Cellular construction, as shown in Fig. SOc, may also sometimes be 
profitably employed. 

32. Drainage of Back Filling.- — For filled spandrels, provision should always 
be made for adequate drainage of the back filling. 'I'liis is generally accomj)lish(*d 

by means of tile or pipe lines laid parallel to the 
extradosal face of tlu^ arch and running down the 
same, and through pi(‘r or abutmi^nt walls to a con- 
venient oiilh't. No drain should bo used whose 
diani(»tor is less than 3 in. and prefiTal)!}'' 4 in. should 
constitute the minimum diameter of the drain. 


Tus. SI. -TyiK’S of exjjun.sioii joints 
for arch spandrols. 

33. Expansion Joints. — Under the action of temperature, vertical movornent 
takes place in all masonry arch construction; thus operating to throw high bmid- 
ing stress into deck slabs, siiandrel walls, etc. It is necessary, therefore, that 
the superstructure which rests upon the arch proper be cut by expansion joints 
to permit the necessary freialom of movement. Such joints must be so fashioned 
as to permit both horizontal and vertical movement. The open cantilevered 
joint of Fig. 81a is much to be i^referred over the sliding joint of Fig. 816 for 
this reason. 

Spandrel walls arc generally cut vertically to provide a clear open joint, 
as shown in Fig. 82. 

For arch spans up to 70 ft. in length, an expansion joint at crown and at 
springing lines is generally employed; for longer spans, five or more expansion 
joints are frequently used. 
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Where counterforted spandrel walls arc used, the expansion joint is best 
provided by means of a double counterfort, as shown in Fig. 83. 

Joipts may be formed by means of steel or timber plates, or bulkheads inserted 
during the pouring of tlie adjacent sections and subsequently removed; by 
means of prepared asphaltic felt inserted between adjacent sections and left 
in place; or by means of so-called sand joints. The sand joint is formed by 
filling the space between two thin plates (held to i)osition by temporary battens) 
with sand. Upon removal of the lower form, the sand runs out and the thin 
plates are readily collapsed and removed. 

One of the unfortunate effects of expansion joints in a concrete wall surface 
is the tendency to stain and discolor the concrete surface due to the leeching of 
water lad(‘n with suspended matter (earth, rust or stre(‘t refuse). This can be 
eliminat(‘d to a large extent by the use of asphaltic felt as a joint filler. A better 
method, p(‘rhaps, is the employment of a copper strip or Hashing bent to permit 



I Ron View 

Fig. 83 . — Expjiiision joints in counterforted Fig. 'SI. — Typic.'il method of water- 

spandrel walls. (Plan view.) proofing expansion joints. 

movement, as shown in Fig. 84. Such a joint permits free movement in the 
direction A- A, a certain amount of relative movement in the direction c-c; but 
very little in the direction B-B without shearing the copper flashing strip. 

34. Waterproofing. — The upper surface (or back) of barrel arches carrying 
a superimposed earth fill, together with the inner faces of the spandrel walls 
on filled arch structures, should be treated with waterproofing. 

Two general systems are employed designated as the “membrane’^ system 
and the “plaster’^ treatment. 

The membrane system generally consists in the placement of a waterproof 
blanket by means of alternate layers of bituminous material and asphalt, 
saturated cotton fabric or other similar material. 

The waterproofing medium, generally an asphalt, is first applied hot to the 
surface of the masonry upon which coat is placed a layer of the saturated fabric. 
This layer is swabbed or coated with hot bituimm and another layer applied — 
thus building up a multi-ply membrane over the masoniy. The number of 
plies or layers varies from two to five or six depending upon conditions. 

The plaster treatment as the name implies consists of the application of a 
waterproofing plaster coat. Bituminous coatings, prepared waterproofing paints 
or mortar treated with integral waterproofing compounds have been used for 
this purpose. 
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CONSTRUCTION OF MASONRY ARCHES 

It is the intention in this ehapter to mention only the princii)al construction 
features peculiar to this type of structure. 

36. Method of Pouring Concrete. —Small arch structures (spans up to 75 or 
80 ft.) can generally be poured in one operation with the ordinary construction 
plant likely to be used on a job of this size. On work of this character, the 
pouring must be so regulated as to load centering evenly and symmetrically, the 
masonry being brought up from both sprijig lines simultaneously, closing at 
the crown. 



For spans of great(*r dimension, the pouring is not done in one op(‘ration on 
account of the introduction of shrinkage stresses and b(‘cause of the length of 
time required for pouring. Such si)ans may be i>oured eitluT in longitudinal 
sections, or by the ^Woiissoir” or block method. The longitudinal section 
method is obviously apjdicablc only to the barrel arches and is accomplished by 
dividing the arch barrel by means of longitudinal bulkh(‘ads. For long si)ans 
this method of pouring is apt to introduce high stresses in the ring due to the 
shrinkage of the concrete, and is therefore not to be n^cominended. The method 
also has the disadvantage of loading the centering unecjually in a lateral direction. 



Fio. 87. — Method of pouring arch rib using koyways. 

thus causing progressive settlement of the centering. For example, in Fig. 85 
if the right h^f of the arch span is first poured, the centering under this span 
deflects a certain amount and the lagging takes the position shown by the dotted 
line o-5'-c'. If the left half of the arch is now poured, the lagging surface takes 
the position a"-6"-c' and the centering is pulled away from the first arch section 
causing the same to take weight. If the concrete is still plastic, no harm is done 
as the distortions arc very small. If, on the other hand, the right-hand section 
has attained its initial set, which is usually the case, partial dead load stresses are 
thrown into the green concrete. To eliminate the above development, each 
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longitudinal section should bo carried by iiidopendent lagging indej^cndontly 
supported. This, liowever, is apt to result in a very ragged and uneven joint 
due to uneven settlement of the adjacent sections. 

The '^voussoir” or arch block method contemplates the division into lateral 
sections by means of transverse bulkheads. The transverse sections or “vous- 
soirs^* are poured alternately, generally in about the order shown in Fig. 86, 
thus eliminating shrinkage stresses and also unequal loading on the centering. 
It is also noted that the arch rib cannot take stress as an arch at any time before 
the key section is placed so that any slight settlement of the centering will throw 
no load on to the green concrete. 



Fia. 88. — Contcriiiji; for Oswogo Arch — 'Claukainua County, Oregon -trestle typo of rib 

centering. 


Arches poured in the above manner may be poured either with or without key 
ways, as shown in Figs. 86 and 87. 

36. Centering. — The falsework used to support the concrete of the arch rib or 
barrel is known as the centering. There arc several methods of constructing arch 
centering, as follows : 

36a. Trestle Centering. — ^In this method of construction, the arch 
forms are supported on transverse caps which in turn are supported by posts 
or piles sway braced and line girted as is an ordinary trestle. Figure 88 illustrates 
this type of construction, the same being a view of a 130-ft. open spandrel arch 
structure built by the writer in 1919. Figure 89 is another example of construe* 
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tiou of this type, being a construction view of a 75-ft. arch span built during the 
same year over “Dry Canyon** in Wasco County, Oregon. 



Fig. 89. — Trostlc couloring for 75-ft. iirfh span — Dry (’anyoii Arch — Wasco County, 

Oroj'oii. 


366. Trussed Centering. — ^l‘'igure 90 illustrates the type of centering 
to which this name is applied. This being a construction view of an arch bridge 



Fia. 90. — Trussed centering — Rogue River Bridge near Gold Hill, Oregon. 


constructed across the Rogue River near Gold Hill, Oregon, and described by 
the writer in Engineering News, April 29, 1920. Here the rib forms are supported 
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on short bents resting on the panel points of a timber Howe truss, the details 
being clearly explained by the photographs. 

36e. Suspended Centering. — It is sometimes necessary to dispense 
with the supj)orting structure underneath the arch forms and support the same 
from a suspension calcic, as shown in Fig. 91. The main cables arc anchored 
on shore by means of coruireto anchorages or ‘Mead mcri^’ and run over towers 
and across the opening carrying hangers or supporting bents upon which is built 



forms for the arch rib proper. Figure 02 illustrates cent(‘riiig of this type 
applied to the construction of the large steel arch described in the volume on 
* ‘Movable and Long-span Steel Bridges.” 

36d. Integral Centering. — It is sometimes advisable to arrange the 
reinforcement for a concrete arch rib or barrel in such mantuT as to enable the 
formwork to be suspended therefrom, thus dispensing with falsework in the 
str(\‘im. Ccnt(*ririg of this typo must, of course, consist of stilf fabricated rein- 
forcement, bar reinforcement being obviously not suitable. 



Fio. 92. — Suspended centering for steel arch rib---()rcgon ('‘ity Bridge over Willamette 

River. 


The steel ribs are first erected and swung, after which the formwork is 
suspended therefrom by means of suitable hanger bolts, as shown in Fig. 93. 
These hanger bolts are usually fitted with sleeve nuts so that the exposed end 
may be removed after the formwork is stripped, and the hole filled with concrete 
or mortar. Integral centering of this character is usually swung as a three- 
hinged arch for convenience in erection. The concrete arch bridge over the 
Connecticut River at Springfield, Mass., described in the Engineering News 
Record, March 30, 1922, is an example of construction of this type. 
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The disadvantage of this type of centering lies in the relatively high cost and 
the fact that initial stresses of varying magnitude are introduced in the steel 
reinforcing system as the span is progressively loaded; by proper design, however, 
this latter objection may be removed and the metal and masonry stressed in an 
economic ratio. The principal advantage of this m(»thod is the elimination of 
falsework in the stream with the attendant danger from drift and ice. The 
economy for this type of construction increases with the number of equal spans to 
be constructed. 




36(j. Steel Centering Frames. — These arc steel trusses or arch frames 
used to support the lagging and not a part of the reinforcing systmn. Such 
centering has the advantage of freedom from drift and ice dangers, and is gener- 
ally stiffer and more certain in action than timber centering. The disadvantage 
lies in the relatively high cost, but if there arc several spans of equal dimension 
so that the steel centers may be used several times, the cost is greatly dcicreased. 

36/. General Data. — In erecting arch centers, allowance should be 
made for camber, dnd for shrinkage and settlement of the centering. The camber 
is generally computed and added to grade elevation on the plans so that plan 
elevations include provision for the necessary camber. If this is not the case, 
grade elevations should be raised to provide enough camber so that under full 
live loading, the structure will not deflect below a straight line. This is the abso- 
lute minimum. In general, highway structures are cambered much more than 
this for appearance sake. In addition to the above, the elevations shown should 
be increased by a margin sufficient to provide for shrinkage and settlement of the 
centering under load. The amount to provide for this will, of course, depend 
upon the loads, and the type of centering used, its method of support, etc. 
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Centering is usually carried on wedges or sand boxes so that the same may be 
gradually released when the masonry luis set up and is ready to be swung. Sand 
boxes are not used to any gr(‘at extent at present, but, when used, great care 
must be exercised to k(*(?p the sand dry. This type of release will prove more 
especially adapted to large arch construction. 

For barrel arclu's, the lagging is geiuirally supported on longitudinal curved 
beams or joists supported at the falsework paiu;! points. Theses curved beams 



Fuj. tn. (’iirv(‘(l hoariis for hairr‘l ardi ('(‘ntca-inK. 


are cut to the true curve of the intrados and may either be laid off from 
the radii in a loft or yard, or cut from a line scribed from ordinates, as shown in 
Fig. 94. 

(5reat care should be exercised to insure that the centers are gradually released. 
The crowm should b(j released first and then the two llaiiLs simultaneously. 
In a scries of arches, all centers between abutments or abutment piers should be 
lowered simultaneously. Oiitciring for concrete masonry arches should not in 
general be ndeased until tlie conerete has set for at l(‘ast 2S daj^s, and in cold 
weathcT a longer period is highly dc'sirable and sometimes absolutely ('ssential 
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MASONRY DAMS 

By William ]\ Ckeacjer 

1. Definition and Types. — A dam is an impervious barrier built across the 
bed of a stn^ain for tlie purpose of raising tlie level of tlu' surface of tlui water. 
Its princii)al uses are to crc'ate an artificial fall for tiu' generation of wat(ir power; 
to divert tin* water into a conduit for water supply, irrigation, power or other 
uses; and to store flood waters for use during the dry seasons. 

Masonry dams are divided into the following three gcnieral types: (I) Solid 
gravity dams, (2) hollow gravity dams, and (3) arch dams. 

Solid gravity and large arch dams may be compos(‘d of ashlar masonry, mor- 
tar rubble masonry or concri'to. Largo stones are usually imbedded in the 
concrete for these types, and the concrete so constructed is termed “cyclopean 
concrete.’’ The mix is usually in the proportion of 1:8:0 throughout but 
thinner and richer mixtures hav<} been us(;d. 

Thin arch dams are composed of 1: 2^:41^^ to 1:2>2:5 l)lain or reinforced 
concrete. 

The buttresses of hollow dams arc 1:21^2 -5 to 1 :8:G reinforced concrete with 
decks, aju’ons and struts composed of 1:2:1 reinforced concnjte. 

2. Nomenclature. — Unless specifically mentioned, all forces are in pounds 
and all distances in feet. 

liCt 

W = vertical force, positive when directed downward. 

P = horizontal force, positive when directed towards the left. 

Pt = ice jiressure per linear foot of darn. 

It = resultant of forces. 

2) (If) = algiibraic summation of the vertical components of all forces 
acting above a given level including uplift at that level but 
not the upward reaction; positive wlu'n directed downwards. 
= algebraic summation of the horizontal comjioncnts of all 
forces acting above a given levcd excluding the reaction at 
that level, positive when directed towards the left. 

= moment about a given point, of the summation 2J(If); 
positive when counter-clockwise. 

S(Px) = moment, as above, for the summation 21 (P). 

A = area in square feet. 

530 
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a = distance from the top of the dam to water surface, 
c = ratio of the area subjected to uplift to the whole area. 
e = distance from the center of gravity of the base to the point of 
application of the loading. 

E = subscript used to represent empty reservoir. 

F — subscript used to represent full reservoir. 

/ = coefficient of static friction as indicated by well-dressed 
specimens of the materials. 
h = vertical distance. 

II = total h('ight of a dam above a given level. 

I = moment of inertia of a figure in feet units. 
k = proiiortion of voids in earth. 

L = top width of a non-ov(;rflow dam. 
lo = known length of a horizontal joint. 

I = unknown length of a horizontal joint. 

7n = distance to the right or left of the center of gravity of a 
figure. 

p — unit pr(*ssure or compressive stress in pounds per square foot. 

Pr' and pr" = unit vertical I'cactiorif exclusive of uplift, at the toe and heel 

of a joint. 

p,. aiKi pv ' = unit vertical compressive stress at the toe and heel of a joint. 

Pt' Jind p/' = unit maximum wcliucd comjyressiie stress at the toe and 
heel of a joint. 

p,/ and pu" = unit effective uplift at the toe and heel of a joint. 

Pn and pn" — unit normal pressure of water and earth at the toe and heel 

of a joint. 

q = discharge in cubic feet per second per foot length of crest. 
(/' — unit load in iiounds per square foot. 
r - up-stream radius of arch dams, 
s = factor of safety. 
t = thickness of arch dams. 

u = horizontal distance from the down-stream extremity of a 
joint to the point of intersection of the resultant R. 
v) = unit weight. 

Wi == unit weight of masonry. 
u '2 = unit weight of water. 
w '3 = unit weight of earth. 

X = lever arm of moments. 

y = horizontal distance from the origin of moments to the 
upstream extremity of the joint. 

z = horizontal distance from the origin of moments to the point 
of intersection of the resultant R with the joint, 
oc = angle of repose of earth. 

6= angle of inclination of the resultant R with the vertical. 
(If the base of the dam is inclined, $ is measured from a 
normal to the base.) 

and 0" = angle of inclination, with the vertical, of the face of the dam 
at the toe and heel. 
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3. Forces Acting on Dams. — A consideration of the following forces is neces- 
sary in the complete design of masonry dams : 

(tt) Water pressure including uplift. 

(h) Earth or silt pressunj. 

(c) Ice pressure. 

(d) Weight of the darn. 

(c) Reaction of the foundation. 


Some of these forces do not admit of exact determination and certain assump- 
tions must be made for designing purposes, which must be based on the exercise 
of the engineer’s b(?st judgment and experience, and confirmed by what pre- 
cedent has shown to be safe. 

3n. Water Pressure. — ^Tn Eig. 1, let 1-4 represent a submerged 
vertical rectangular plane, of area 4, and width b. 'Flie total pressure, P, of 

(luiet water on each side of this plane is 

j^lVafer surface 

TT \ I ^ ( 1 ) 

* \ wlicre u>2 is the w(;ight of 1 cu. ft. of wat(‘r (usually 

j X — ^ assumed as 02.5 lb. })er cu. ft.) and Jh is th(j v(‘rtical 

41 I \ distance from the center of tlie plane to water 

j j \ surface (all dimensions in fec't). This may bo 

I ^ ^ y reduced to 

I I ^ (2) 

I [ I'lie force P will lx? liorizonlal and will be 

^ located a V(‘rtical distance above the bottom of 

Yio, 1. the plane equal to 

O/ii -f- Sh 


: 


If hi is zero, eq. (2) reduces to 


And eq. (3) reduces to 


bu 

2 


The impact of the approaching water against the upstr(‘am face; of th(‘ dam 
is approximately 

jj, ^ iLHV^h 

9 

where v is the average velocity in the middle of the channel of api)roach in feet 
per second, g is the acceleration of gravity = 32.2 and u '2 is the weight of 1 
cu. ft. of water. Impact need be considered only for low dams having large 

discharges. P' may be assumed to act at a distance of 2 above the base. 

In the design of dams, it is found convenient to deal with liorizontal and 
vertical forces only. The horizontal component of w'ater pressure on an inclined 
plane is equal to the water pressure on the vertical projection of the plane. 

The vertical component of water pressure on an inclined plane is equal to the 
weight of water directly above the plane. 
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Thus, in Fig. 2, tlic horizontal water pressure P on plane 1-2-3-4 is equal to 
the pressure on the projected plane 5-4, as indicated by eq. (2), and its distance 
X above the foundation is found from cq. (3). The vortical component of water 
pressure w on plane 3-4 is ctjual to the weight of water within the limits 7-3-4-6 
and tliis force passes through the center of gravity of the area 7-3-4-6. 

The vertical component of the water pressure on plane 1-2 as well as the 
water pressure on the crest and downstream face of the dam due to the spilling 
water is neglected as the jet approaches very nearly spouting velocity. 



^riio horizontal and vortical components of tail-water pressure are found in 
the same manner; but, in spillway dams, tlui energy of the spilling water may be 
suffici(mt to rodiKHi the d(*i)tli of tail-wat(n- by the creation of a ^standing wave” 
as indicated in Fig, 2, thereby eliminating tail-water pressure entirely. This 
may occur if is ecjual to or less than about 


IG.l/?,, 

^ hydraulic gradient 'y 

'TaT^fer surfaced 


(4) 


\frnf77 ffn lift 

'll 

Earth fbundotich 


'•m ft iinnuL '’(iiiUUU:. LL 


Fio. 3. 



Cut-off 


where q is the discharge in cubic feet per second per foot length of crest, and other 
notation as indicated in Fig. 2. The dimension may be obtained as indicated 
in Art. 7 , Fig. 13. 

The presence of tail-water may assist stability or, under certain conditions, 
may have the opposite effect. Equation (4) is only approximately correct owing 
to certain factors not possible of consideration in its derivation. Therefore, if the 
depth of tail-water is within 20 per cent of the value given in eq. (4), its resultant 
pressure on the dam should be considered only if it tends to reduce stability. 
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In pervious foundations, an upward water pressure, or “uplift” will occur on 
the base of the dam. In order to understand better the characteristics of uplift, 
consider the general case shown in Fig. 3 which indicates a dam on an earth foun- 
dation having a cut-off and both an up-stream and a down-stream apron. It 
has been proven by experiments that the flow of water under dams has pressure 
characteristics exactly similar to the flow of water in pipes. The pressure 
at point 1 is equal to head-water pressure and at point S equal to tail-water 
pressure hn. The difference, is the head lost in friction. The friction loss 
varies directly as the length of the “path of percolation” between the masonry 
and the foundation as indicated by the “hydraulic gradient” in Fig. 3. The 
friction loss between point 1 and any point on the base is therefore proportional 
to the distance the water has traveled. Thus at point 7 the friction loss is 

A/ = {hi - m!’ 

where h is the length of the path of percolation 1-2-3-4-5-6-7 and h the total 
I^ath of percolation or corresponding distance from point 1 to point 8. 

The uplift pressure at any point on the base is tluu’efore equal to the vertical 
distance from that point to the elevation of head-water surface less the friction 
head /iy. 

In the case of rock foundations, it is assumed that only a p(‘rc('ntage, c, of 
the base is subject to uplift pressure. If the foundation has no cut-off, as in Fig. 
2, the resultant uplift on the base may be expressed by the eejuation 

ir = 2 (5) 


The resultant pressure will be located a distance from the heel equal to 

_ Z(/i2 + 2hs) 

3(/i2 -f hi) 


( 6 ) 


Absolutely impervious foundations are impossible of attainment. The 
amount of uplift depends ui)on the relative resistance to flow at the up-stream 
end of the base to that over the njst of the base. For this reason a special 
effort is often made to obtain greater resistance at the uj)-stroam end of the base 
by one of the following methods: 

(1) To increase the resistance at the heel. 

(2) To decrease the resistance below the heel. 

By the first method, trenches are often excavated at the heel and refilled with 
masonry, or holes may be drilled in the rock and grouted to provide an efficient 
cutoff. For earth foundations sheet piling cutoffs are common and sometimes 
upstream aprons arc used as indicated in Fig. 3, 

By the second method, drainage systems have been installed between the 
dam and the foundation, down-stream from the heel, to allow free exit of the 
water which passes the heel. 

Percentages of c for rock foundations as high as 0.66 have been used for impor- 
tant structures; but ordinarily a much lower value is commonly adopted. For 
earth foundations c is always unity. 

Uplift should also be considered to exist on all horizontal joints in the masonry 
above the base. For dams on rock foundations this is usually assumed to be the 
same as the unit value adopted for the base. 
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Uplift due to head water is assumed not to exist in hollow dams as the cavities 
in the structure effectively relieve the buttresses of all such pressure. 

For a complete discussion of the subject of uplift see Transactions, Am. Soc. 
C. E., Vol. LXXV, pp. 142-225. 

If it is expected that fine silt will be deposited by the stream against the up- 
stream face and silt pressure included in the forces acting on the dam, it is 
reasonable to assume that uplift from head-water will not exist. The stability 
of the dam should be tested with and without the silt pressure. 

36. Earth Pressure. — In practically all streams, considerable 
quantities of sand, gravel or silt, washed down by floods, are deposited against 
the up-stream face of dams built across them, unless special sluicing provisions 
are made to prevent their accumulation. 

The horizontal component of earth pressure may be taken from Rankine’s 
well-known equation, 

„ ^ /I — sin ol\ 

2 \1 + sin a/ ^ ^ 

where 


P = total pressure in pounds, in addition to the water pressure. 

Wi = weight, in pounds per cubic foot, of the submerged earth. 
a = its angle of repose. 
h = depth of the earth, in feet. 

P is located a distance from the surface of the earth equal to ^ . The 


wc'ight of submerged earth is 

Ws = — w'afl — k) 


wdicre 


te'a = its weight in air. 

Wi = unit weight of water. 
k — proportion of voids in the earth 


unit 

( 8 ) 


The nature of the materials deposited against dams varies considerably and 
should be investigated for each case. Usual values for 1 V 3 are from fiO to 701b. per 
cu. ft.; but a varies from about 30 deg. for sand and gravel to zero for liquid mud. 

The vertical comi)onent of earth pressure on an inclined face is equal to the 
weight of earth directly above that face as indicated for water pressure. 

3c. Ice Pressure. — Expansion of ice on the surface of the reservoir 
due to a change in temperature may exert an overturning force on the dam. 
The thrust of ice is impossible of exact determination. An extended discussion 
of ice pressure is given in Transactions, Am. Soc. C. E., Vol. LXXV, p. 142. 

Important municipal dams in this country have been designed to resist 
ice pressures varying from 24,000 to 47,000 lb. per lin. ft. of dam; but much lower 
values may be used, particularly if the dam is in a narrow gorge. 

Considerable ice pressure seldom exists at times of flood. It is therefore 
seldom necessary to design for ice pressure when water surface is above the level 
of the spillway crest. 

3d. The Weight of the Dam. — The weight of masonry varies con- 
siderably, depending upon the ingredients of which it is composed. A common 
value for use in the design is 145 lb. per cu. ft. In important structures careful 
determination should be made of the weight of the masonry to be used, as the 
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amount of materials involved for solid dams varies almost directly as the unit 
weight. 

3e. The Reaction of the Foundation. — InFig.41et S(TF) represent the 
resultant of all vertical forces acting on the dam, including uplift; and let 2(P) 
represent the resultant of all horizontal forces. The resultant of S(TT)and S(P) 

must he balanced by an c(iual and opi)Ositc 

reaction of the foundation, consisting of a 
vertical r(‘actioii 2J(TT) and a horizontal shear- 
ing or frictional resistance S(P). In the follow- 
ing equations all forces are in pounds and 
dimensions in h'ot. 

The variation of unit vertical reaction is 
^ assumed to be liiu'ar as indicated in th(i figure, 
i "I'he unit vertical ri'aciion at tin* heed and toe is 


\i 

/ i 1 




2WA,_3,A 
bl \- l) 

^ ~ u U-') 


■ft 

I I \ i / 

t y If the base is divid(‘d into three eciual parts, 

the middle part is termed the “middle third. 
When the resultant /?, intersc'cts the base at the upstream extremity of the 
middle third, 

7>/ - 0 and y/' = (11) 

When the resultant int('rsects the bas(‘ at tlic downstream extremity of the 
middle third, 

I 

3, ?v" = 0 and Pr' = “ 1^1 (12) 

When the resultant intersects tin; bas<‘ outside of the middle third, temsion will 
exist at the opposite end of the base. Bc'cause of the fact that tension in masonry 
is unreliable and objectionable, it is the usual practice in the design of dams, to 
provide for the resultant intersecting the base within the middle third. The 
exception to this rule is in the case of spillway dams where it is impossible to 
provide sufficient masonry at the top to force the resultant within the middle 
third. In such cases, tension is allowed if it is not great; although in some 
cases steel reinforcement has been provided. Figure 7 indicates the location 
of the resultant near the top of a typical spillway dam. In this case reinforce- 
ment would not be necessary. 

The foregoing equations indicate the unit vertical reaction; but the unit, 
vertical compressive stress exceeds the values given by the amount of the uplift 
pressure. 

For the resultant within the middle third 
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For the rcsuUant at the; upstream e.xtrcinity of the middle third 

Pv' = 0 + pj (llo) 

= + (1.M 

For Mio rosuUant at tho downstream extremity of the middle third 

+ pJ (12o) 

p/' = 0 + p/' (126) 

The foregoing equations are also applicable to the stresses in horizontal joints 
above the foundations, but to rectangular bases and joints only. 

For bases and joints which are not rectangular, the following equations apply: 

p/=+^(r'‘'+^(r) + p/ (13) 


(IK)cm' 2:(ir) , 

I + A 

(13) 

(W)cm" 2(11') 

■“/ + A 

(14) 


where m.' and m" ^ distance's in feet from center of gravity to the extremities of 
the base. 


7 ~ moment of inertia of the base or joint, in f(*et units, about 
an axis through its center of gravity perpendicular to the 
dam section. 

e — eccentricity of the loading in feet. 

A — area of the iiasc or joint in square feet. 

For no tension to <*xist, c must have the following value; 



(15) 


The unit vertical compressive stresses pv' and are not the maximum 
compressive stresses, but only the vertical component of such stresses. 

Considerable disagreement exists among engineers regarding the maximum 
inclined stresses. They do not pc'iniit of exact determination; but approximate 


values may be obtained from the following e(|uations: 

At the toe of the dam, 

Vi — iVv sec- 0' — pn tan- </>') or p,/ or p/ sec- 0 (15) 

At the heel of the dam, 

= {pv" sec- 0" — tan- </>") or y;„" or sec- d (16) 

In tho foundation, at the) toe, 

p,' = Vv sec^ 6 (17) 

In the foundation, at the heel, 

Pi" = Vv' sec* 6 (18) 


The distribution of the force S(P) over the base is not possible of determi- 
nation. The resistance of the dam to sliding is therefore made to depend solely 
upon friction which, as will be shown hereinafter, is represented by the inclination 
$ of the resultant with the vertical. 

4. Designing Rules. 

4a. Causes of Failure. — ^There are only two direct ways in which a 
gravity masonry dam will fail as a whole — that is, by sliding or by overturning. 
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It may fail by sliding or overturning on a plane above the base, at the base, or on 
a plane below the base. The last case is apt to occur when the erosive force of 
spilling water scours out the rock down-stream from the dam. 

The cause of sliding is the existence of horizontal forces greater than the com- 
bined frictional and shearing resistance at the plane of failure. 

Overturning occurs when the resultant R passes outside the limits of the dam 
and the masonry is not capable of resisting tensile stresses. With the resultant 
well inside the dam, a failure of the masonry by crushing may result in a narrow- 
ing of the limits of the dam an amount sufficient to cause overturning. 

4^;. Rule 1 : Location of the Resultant. — The first requirement in a 
gravity dam is that the resultant shall fall within the limits of the section. It 
is further required that the resultant shall be so located as to prevent tension in any 
joint of the dam under all conditions of loading. Equations (11) and (12) 
indicate that tension in rectangular joints is impossible if the resultant intersects 
within the middle third. For irregular joints the maximum distance of the 
resultant from the center of gravity of the joint is given in eq. (15). 

4c. Rtile 2 : Inclination of the Resultant. — In order to resist sliding, 
it is customary to provide that the frictional resistance alone shall be sufficient to 
resist the resultant of all horizontal forces with ample margin of safety. The 
frictional resistance is equal to/S(lF) and this should oxcec'd the total horizontal 
forces S(P). Exj)rossed algebraically 

fXiW) = SXiP) 

where S is the factor of safety desired. 

Therefore 

= tan e = { (19) 

where tan 6 is the inclination of the resultant R with the vertical. 

For rock foundations and horizontal joints in the masonry, s equal to unity 
may be used provided that / is takmi from the results of experiments on well- 
dressed specimens of like materials. Kougliening of the surface of the foundation 
and building joints during construction and the considerable, though indetermi- 
nate, shearing resistance is considered to provide a requisite factor of safety. 

For masonry on masonry and for masonry on rock, values of / have Iwum 
assumed variously between O.G and 0.75. For best rock and good workmanship, 
0.75 is not cxces.sivc; but due allowance must be made for bad conditions and 
particularly for possible clay seams in the foundations if the rock downstr(*am 
is apt to scour away and eliminate the toe hold of the dam. 

For gravel, sand and clay, approximate values of f are 0.5, 0.4, and 0.3 
respectively. A factor of safety, s, of 3 or more should be adopted for earth 
foundations unless the dam is anchored by deep cut-off walls or piles. 

4d. Rule 3 : Compressive Stresses. — The compressive stresses 
in the dam and in the foundation should not exceed allowed limits. Because of 
a disagreement among engineers regarding the amount of inclined compressive 
stresses, it has been the practice in the past to prescribe certain allowable vertical 
compressive stresses and design for these stresses only. Such vertical stresses, 
however, have been chosen low enough to compensate for the fact that they do 
not represent the maximum stresses which exist. 
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Equations (9a) to (18) inclusive indicate the vertical and inclined stresses in 
the dam and the foundation. The angle (j) will not exceed 45 deg. for well-designed 
high dams, and d will be considerably less. Consequently it is seen, from eqs. 
(15) to (18) that the inclined stresses will not be greater than about twice the 
vertical stresses. Greater vertical stresses have been allowed at the heel than 
at the toe of solid dams because, as 0" is much less than 0' and as $ is zero 
for pond empty, the condition of loading giving the greatest stress at the heel, 
the inclined stresses at the heel will be much less than at the toe. 

The following values of working vertical compressive stresses for masonry 
dams on good rock foundations will ordinarily result in maximum inclined stresses 
within safe limits: 

At the toe of solid dams of the ultimate strength. 

At the heel of solid dams Ms ot the ultimate strength. 

At the toe and heel of hollow dams Ks of the ultimate strength. 

For earth foundations, the requirements for Rule 2 necessitate a very small 
value of 6. Therefore the vertical and inclined stresses in the foundation are 
approximately equal as indicated by eqs. (17) and (18), and the stresses in earth 
foundations govern the design. Common values for allowed stresses in earth 
foundations are : 

Clay 8,000 lb. per sq. ft. 

Coarse sand 4,0(K) to 8,0(K) lb. per sq. ft. 

Fine silt 2,000 to 4,000 lb. per sq. ft. 

4c. Rule 4; Tension in Vertical Planes. — The inclination 0' of 
the downstream force with the vertical must be limited to prevent failure by 
tensile stresses in vertical planes. It is obvious that, if 0' is very large, the toe 
of the dam will be long and tapering and as such would not be capable of trans- 
ferring the proper proportion of the total load to the foundation without tending 
to crack off. The writcr\s empirical equations governing the maximum allowed 
values of 0' are 

For earth or pile foundations, 

tan 0' = < 

where // is the height of th(^ dam. 

For rock foundations, 

tan 0' = < 
or 

tan 0' = < 

whichever allows the greater value. 

5. General Equations for Design of Solid Gravity Dams. — Gravity dams 
are designed joint by joint, beginning at the top, making each joint conform to 
the foregoing designing rules. Assuming the dam to have been designed from 
the top to the horizontal joint 1-2, Fig. 5, equations may be written to determine 
the length and position of the joint 3-4 next below. The designing joints are 
generally adopted a distance apart equal to about 15 per cent of the distance 
from the joint to the top of the dam; but a considerably greater distance apart 




10 

11 


tr 


4 


10 

li 


( 20 ) 


(20a) 
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will result in little increased error. The design is thus made progressively from 
the top to the foundation. 

In Fig. 6, which represents a typical non-overflow dam, each zone corresponds 
to a portion of the structure the design of which is governed by a particular 
designing rule or combination of rules. 

The top width of non-overflow dams is usually adopted 10 to 14 per cent 
of the maximum height of the dam, although a greater width may be required 
for low dams to withstand shock from floating bodies or to provide a roadway 
or platform. A super-eleA’ation above high water surface is sometimes adopted 
for various j)urj)o.ses. A super-elevation of 5 per cent of the maximum height 
of the dam may not prove uneconomical. 



Where ice pressure is considered, the weight of masonry in Zone I is fixed 
by Rule 2 and must be sufficient to prevent that portion from sliding. Either 
the width of top or the super-elevation must be adjusted, if necessary, to this end. 

As the top width is always greater than necessary to conform to Rule 1, 
Zone II represents that portion of the structure in which the resultants, reservoir 
full and empty, lie within the middle third of the joints, both faces remaining 
vertical. At the bottom of Zone II, the resultant, reservoir full, is at the down- 
stream extremity of the middle third; while, for reservoir empty, the resultant 
is at the middle of the joint. 

In Zone III the down-stream face must begin to batter as indicated in order 
to accord with Rule 1, the up-stream face remaining vertical until the resultant, 
reservoir empty, intersects at the up-stream extremity of the middle third. 

In Zone IV both up-stream and down-stream faces arc battered in order that 
the resultants, reservoir full and empty, will lie at the exact extremity of the 
middle third. 
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As the design is continued, the pressures at the toe and heel will increase. 
The allowed pressures are usually reached first at the toe. In Zone V, therefore, 
the design is govenied by Rule 3 for full reservoir. Rule 1 .still influencing the dcsi)^ 
for empty reservoir. The resultant, reservoir full, will therefore lie well within 
the middle third in the lower part of this Zone in order to have sufficient width 
of joint to distribute the pressures as nKjuired by Rule 3. 

In Zone VI the allowc'd working i)res.surcs, for both full and empty reservoir, 
govern, and the design is influenced entirely by Rule 3. In this Zone the resultants 



for both full and empty reservoir lie well within the middle third. Zone VI will 

continue until the foundation is reached. 

If, at any stage of the design, it is found that tan 6 exceeds the value allowed 
by Rule 2, it will be neces.sary to re-design the section using an increased batter 
on the upstream face in order to include a larger vertical component of water 
pressure to assist in the resistance to sliding. Ordinarily for allowed values of 
tan e not less than 0.7 to 0.75, Rule 2 will not be a governing condition for solid 
dams except in Zone I as previously indicated. 

There is considerable opportunity, in dams of several hundred feet in height, 
for the batter of the down-stream face in the lower part of Zone \ I to ^ ftetter 
than that allowed by Rule 4. If this should occur, the remedy also lies in an 

increase in the batter of the up-stream face. 

In Fig. 7, which represents a typical solid spillway dam, the shape of the 
crest and downstream face is fixed to conform to the shape of a free spilling 
weir jet as explained later. 
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In Zone I the requirements of Rules 1 and 2 must of necessity be violated 
because it is impossible, near the top of a spillway dam, to provide sufficient 
masonry to withstand sliding by friction alone or to throw the resultant, reservoir 
full, within the middle third. In Zone la the section still lacks the necessary 
weight to accord with Rule 2, but the resultant, reservoir full and empty fall 
within the middle third in conformity with Rule 1. Unless considerable ice 
pressure is considered, the height of Zones I and la is small and the tension 
and horizontal shear can be provided against by monolithic construction above 
the bottom of Zone la. 

When ice pressure occurs, Zones I and la may extend for a considerable 
distance below the crest. In such cases steel reinforcement may be required to 


surface 



resist the tensile stresses and particular care taken with horizontal building joints 
to provide numerous large projecting stones or special keyways to increase the 
shearing resistance. 

The conditions affecting Zones II to VI inclusive are as previously described 
for non-overflow dams. In Zone II, however, the downstream face of the spill- 
way sections batters only because of the necessary special shape of the crest and 
downstream face. The shape of the downstream face, as so fixed, will extend to 
the bottom of Zone II and its batter will be increased in Zone III. 

The arrangement of zones as hereinbefore described may vary somewhat 
in practice for different types of dams; but the general theory will still apply. 
In all cases the part of the dam between two horizontal designing joints should be 
proportioned in accordance with the designing rules which arc thought to govern 
that particular part of the dam and then tested for stability in accordance with 
all of the other designing rules. 
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The basic equations for design, termed “equations of investigation” arc 
employed principally to test any predesigned section for conformity with the 
designing rules. Further equations, derived from the basic equations and termed 
“equations of determination,” arc necessary for use in determining the length and 
location of the horizontal designing joints as the design progresses. 

6a. Equations for Rule 1 — Equations of Investigation , — Referring 
to Fig. 5, the moment of the resultant R of all forces above the joint 3-4, about 
the point 5, is 2(TFa;) + S(Fa;). Tliis is equal to the moment of the reaction at 
the base, or Z(W)z, the moment of the force 2(P) being zero. Therefore 


or 


Z{Wx) + X{Px) - 2(ir)z 
* ‘ s(ir) 


( 21 ) 


This is the basic equation for Rule I. It gives the location of the resultant 
rcilative to the point 5, According to Rule I, the distance? z-y must be less than 

for full reservoir and greater than “ for empt}’^ reservoir. 

Equations of Determinxition — Case 1. — The most general equation is applicable 
to Zone IV where the location of the resultant for both full and empty reservoir 
governs the design, and the resultants for both cases arc required to intersect the 
joint at opposite extremities of the middle third. The two general equations 
for this case are 
For full reservoir 

^,21 ^{Wx), + nPx)F 

y + 3 


For empty reservoir 


2/ + ;j 


S ( IKx ),; + 2:{Px)f 


(23) 


Referring to Fig. 5, it is assumed that the dam has been designed down to 
joint 1-2. Equations (22) and (23) will assist in the determination of the length 
I and location y of the next joint 4-3. 

In these two equations we have two unknowns, y and 1. The values 2 (IF.?:) 
and 2 (IF), for both full and empty reservoir, arc, however, depiendent upon y 
and 1. The solution of the equations is therefore made by tr(al. Tentative 
values of y and I arc assumed, from which tentative values of 2TFa;) and 2 (IF) 
may be calculated and substituted in cqs. (22) and (23) to derive more accurate 
values of y and L One or two trials will ordinarily be sufficient to determine y 
and I close enough for all practical purposes. 

Case 2. — ^I^'or Zone III, in which the upstream face is vertical, 2/ is a constant 
and I can be determined from eq. (22) alone by the method previously described. 
The length I of the joint having been thus determined, the location of the resultant 
for reservoir empty can be determined from eq. (21). 

Case 3. — ^The location of the lower extremity of Zone II, for solid non-overflow 
dams, can be obtained from the following equation, reference being made to Fig. 5. 

wji^ -t- {cwJL^ -f- 6Pi — WiL^)h = WiL^a (24) 
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TJiii location of the bottom of Zones HI and IV can bo obtained only by trial 
as the design progresses. 

65. Equation for Rule 2 —Eqmiion of Investigation. — Equation. 
(10) is the basic equation of investigation for Kule 2. 

Equation of Determination. — If, at any stage of the design it is found that 
Rule 2 is a governing condition as in Zone T, the requin'd value of 2(17) can be 
found from eq. (19) using the' adopted maximum allowed value of tan 6. 

6c. Equations for Rule 3. —Equation of Investigation . — ^Equations 
(9a) and (10a) are the basic equations of investigation for Rule 3. 

Equations of Deter niination.--Vi)r Zone V, wh(T(i Rule 3 at the toe and Rule 1 
at the heel govern Ihe design, tlie following equations of det(‘rmination apply: 

For full reservoir: 

K - I = y _ I + 2(7"*)^ ) (25) 


For empty r(‘S(*rvoir 


y + 


^(Wx), -I- 2(P^)^. 

2 ( 17 ) 7 , 


(26) 


Ref(?rring to Fig. 5, it is assumed that the dam has been d(\signed down to 
joint 1-2. Equations (25) and (26) will assist in the determination of the length /, 
and location y of the next joint 4-3. In these two equations wt; have two 
unknowns I and ?y, but the valuers 2(]7rr) and 2(17) for botli full and empty 
reservoir, are depemdent upon I and y. 4'lie solution of the equations is there- 
fore made by trial, adopting t(‘ntativ(‘ values of I and y and solving for closer 
values as previously described for cqs. (22) and (23). 

For Zone VT, wheni Rule 3 at both toe and heel governs the design, the 
following equations apply: 

Ibr full reservoir 


Pv 

' 6 


c - 


2(17)) 


/ - 2(17).. 7/- 12(l7.r).. + 2(Px).^ 


(27) 


For (‘inpty re.MTVoir 

7 „ ^ ^ ^ (2(17.:);, + 2(Pa;)., 1 (28) 

These equations can also be solved for I and y by the fore.going tentative method. 

6d. Equations for Rule 4. — Eciuations (20), (20a) and (205) may be 
used for equations for investigation for Rule 4. No equations of determination can 
be written. If, at any stage of the design, it is found that the inclination of the 
face is too small, adjustments must be made in the section, as previously described, 
in order to steepen the face to the desired angle. 

6. Design of Solid Non-overflow Gravity Dams. — The design is always started 
at the top. The super-elevation of the top of the dam above high-water surface 
is generally made sufficient to get beyond the reach of waves and to provide suffi- 
cient weight to resist ice thrust. The width of top is usually from 10 to 14 per 
cent of the maximum height unless a greater width is required for a roadway, 
walkway or other purpose. 

The top of the dam having been fixed, the design proceeds according to the 
foregoing methods. 
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Illustrative Problem. — In this example we will assume: 


wi « weight of masonry = 145 lb. per cu. ft. 

W 2 — weight of water = 62.5 lb. per cu. ft. 

Pv' — maximum allowed vertical compressive stress at the too = 18,000 Ib. per sq. ft. 
Pi," = maximum allowed vertical comprcs.sivo slre.ss at the heel = 25,000 lb. per sq. ft. 
H = maximum height of the dam above the foundations = 200 ft. 
c = area of joints and base subjected to uplift, assumed to vary uniformly from head- 
water pressure at the heel to zero at the toe (no tail-water being assumed) = 50 
per cent. 

/ *= working value of coefficient of friction of joints and base = 0.75. 

L = top width =12 per cent of the maximum height = 24 ft. 
a = distance of top of dam to level of highest head-water surface = 10 ft. 
a* = distance from top of dam to level of the spillway crest = 20 ft. 

Pi = ice pressure = 40,000 lb. iier lin. ft. of dam aclirig at level of the spillway crest. 


The assumption of ice thrust at or below the spillway crest is rca.sonablc in consideration 
of the fact that, during freshets, the ice sheet is considerably broken up in the vicinity of 
the dam. 

Wo can at once write another a.ssumptitm regarding the maxiinuiii allowable value of 
to fulhll the condition of Rule 4. Assuming the foundation to be good rock, we have from 
oq. (20a) 


tan 0' 


4 4 X 0.75 

■ 5 


= 1.0 


Therefore the maximum allowed value of 0' is 45 dog. 

(Calculations to determine the shape of the secficin will now be given. The final design 
is indicated in Fig. S, taken from the writer’s “Kiigiiieeiing for Masonry Dams.”' 

There are, for this example, two conditions of loading: 

Loading 1. — I^ow water and ice pressure. 

Loading 2. — High water and no ice pressure. 

The dam must be stable above any level for whichever one of these loadings imposes the 
severest condition. It will be found by trial that loading No. 1 will govern the design above 
level 126 and No. 2 below that level. This example will be worked out only for that load- 
ing which governs the design. Sufficient calculations for each loading should be made as 
the design i)rogrcsses to dctoriiiiiio which loading iraj^oscs the severest conditions. 

For reasons not pertinent to tlic case in hand, this example has been worked out with 
considerable accuracy; but, in practice, all calculations may bo m:ide on a 10-iri. slide rule 
with accuracy well within the precision of the designing assumptions. A 1-ft. length of 
dam will be considered in the dc,sign. 

Having fixed the width of top and super-elevation, the first step is to lest the section at 
the level of the bottom of Zone I for conformity with Rule 2 as described in Art. 5b. For 
substitution in cq. (19) wo have, above level 20, 


Therefore 


S(P) = ice pressure = 40,000 lb. 

S(ir) = weight of masonry -- (24) (20) (145) = 69,600 lb. 


40,000 

(it),(j00 


0.574 = tan 0 = / 


since s for rock foundations ma 3 ' be taken as unity. ’J'his is well within the idlowcd value 
of 0.75. 

The next step is to fix the bottom of Zone II, which is determined by the requirements 
of Rule I described in Case 3 of Art. 5a. 

From eq. (24) we have 

[(0.5) (62.5) (24) (24) + (6) (40.000) - (146)(24)(24)]A + 02.5A’ = (145) (24) (24) (20) 
from which we find, by successive trials, that h — 9.27. Therefore the bottom of Zone II 
will be 9.27 ft. below the water surface or at level 20 + 9.27 = 29.27. 

As explained before, each step of the calculations to determine the shape of the section 
must bo based on the designing rule which is thought to govern, after which the dam above 
that level must be tested for conformity with all the other designing rules. 

1 John Wiley and Sons, 1917. 
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Equation (24). which was used to fix the level of the bottom of Zone II, embodies the con- 
dition that the resultant reservoir full, shall intersect the joint at the extremity of the middle 
third. With reservoir empty it is evident that the resultant intersects at the center of the 
middle third. Hence all conditions of Rule 1 are fulfilled. 



For Rule 2 wc have for substitution in eq. (19) . 


Ice pressure = 


40,000 

Wafer pressure = 

(9.27) (0.27) (r)2..5) 

2,685 

2 

42,685 

Weight of masonry 

(21)(29.27)(14.5) 

= 101,800 

Uplift = 

^(W) = 

(9.27)(fi2..5)(24)(0..5) 

«> 

-= -.1,475 

98, .125 


tan B — 


42.r>8r, 


= 0.4.14 


98, .12.5 

which is well within th<? allowed value of 0.7,5. 

Compressive stresses arc never severe for solid dams on rook foundations less than 100 


_ 




ft. high. Therefore, at level 29.27, Rule 3 
cannot bo a governing condition. As the 
down>.stream face is vertical. Rule 4 docs 

fna^ J 

eoer 

not govern. 

The section above level 29.27 is there- 
fore stable. 

hxnt of refere/KF^s^ 

Fio. 9. 

>lr 

The height of the section will now Ims 

k3*.oo 

divided into a number of convenient parts 
by imaginary joints as indicated in l^'ig. 8 
at levels 34, 39, etc. and we will now pro- 
ceed with the determination of their length 
and location. 


The joint at level 34 is in Zone III and Case 2 of Art. 5a applies. Choosing the point of 
reference at the upstream face of the dam, y in eq. (22) is zero and wo have 
21 Xt^x)F + ^(Px)f 
3 * 1(W)f 


(22a) 
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To solve this equation wo must assume tciitalivcly a length of joint with which to derive 
factors for substitution in (he second term. Assume, for the first trial Z = 20 ft. as indi- 
cated in L^g. 9. The necessary calculations are indicated in Table 1, substitutions 
from which in eq. (22tt) give • 


2Z 

3 

Z 


1,975,400 

113,250 

20.10 


= 17.44 


= 17.15 


Repeating the calculations with a new value of Z = 20.10 for the second trial, as 
indicated in Table 2, and substituting in etj. (22a) we have 

21 ^ 1,970,210 
3 113,279 

Z = 20.17 

This value of I is near enough to the assumed value of 20.16 and will bo called final. 

This joint has now been designed for the resultant, reservoir full, to intersect joint at 
the down-stream extremity of (he middle third on the assumption that the resultant, 
reservoir empty, is within the middle third. To test for this assumption, wo have eq. (21). 
Placing the subscript k to represent the condition of empty reservoir, we have 

_ :i:(]Vx)E + :^(Px)h 
* 2 :(H')is 

Substituling from Ta])le 2, we have 

^ 1,137,510 + 0 
^ 119,004 


(21a) 


- 12.07 


This is the distance from tlic point of reference to the location of the re.sultant. As the 
distance from tlio point of reference to the upslreain extnmiity of (he middle third is 20.17 
-i- 3 - 8.72, it is seen that the resultant, for this case, is w(‘ll wilhin the middle third and 
both condidons of Rule I have been fulfilled. 

To test for Rule 2 we have, from eq. (19), 


(Mil 


ITIDf 


40.120 

113,279 


= 0.407 


which is williin tin llowed \mIu of 0 7.">. 


S56 

]hffnp/) 

r 

i^ndtna/) 



^0^5065 ■ 




y= 97 


, . ■ 
^Pndfr/af ]f3naffr/af 


I 

I 


Foinf of 

\£r'i 


2--59~40fPnd tr/a/j 

Vni, 10. 


As explained before. Rule 3 is not a governing coiulilion for this level. 

For Rule 4, we have 

2 17 

tan </»' = = 0.459 

which is within the allowed value of 0.75. 

Thus the dam is dc.^igned and tested above level 34.0. 

The design is continued in this manner, the results of all calculations being tabulated as 
indicated in Table 7 and plotted in Fig. 8. The calculations and plotting should l>e made to 
an extent sufficient to predict when it becomes necessary to change from one zone to another 
and from one condition of loarling (o another. For the reader’s information, the calcula- 
tions and plottings have been made, for this example, to a greater extent than would ordi- 
narily be necessary in practice. It is, in many cases, perfectly obvious which designing 
rule should be used to fix the dimensions of the sections at the various levels. The section 
would therefore have to be tested for other designing rules only at levels relatively far apart. 
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It is seen from Fig. 8 that, when level 87 is reached, the resultant, reservoir empty, is 
about to pass outside the extremity of the middle third. Therefore the next joint at 
level 102 is in Zone IV and Case 1 of Art. 5a will apply. It will now be found convenient to 
locate the point of reference well outside the base, say 10 ft., as in Fig. 8. 

As explained heretofore, tentative* values of y and / must be adopted for calculating 
approximately the second terms of eqs. (22) and (23). From the general trend of the 
downstream face and the knowledge that the upstrcimi face must begin to batter slightly, 
tentative values oly =■ 9.7 and L = 59.5 will be adopted as indicated in Fig. 10. 

With these values, Table 3 is coiiiputed, substitutions from which in eqs. (22) and (23) 
give 


21 22.400.100 

3 453.9S2 

/ _ 15,075,730 + 0 
^ 3 ' 528,826 


49.17 


29.07 


Solving Ihese two e<piations there re.sults 

I = 59.40 


y -= 9.87 


U.sing these for new tentative valuc.s for a second set of c:il(‘ul:ttions :is in Table 4, there 
results 

I = .59.40 
y = 9.80 


These values are clo.se enough to the tentative values of I — 59.40 and y = 9.87 and will 
be called final. 

Since efjs. (22) and (23) embody the condition that the resultants, reservoir full and 
empty, arc at Mio extremity of tlio middle third, the joint fulfills the conditions of Rule 1. 
For Rule 2 wo have, for loading 1 , 

^ ^ 2;(/> 2.50,100 

r(W)/-* 4o3,553 


However, tan 0, determined in the same way for loading 2, will bo found to be 0.595 as 
indicated in f’ig. 8 and i.^^ the governing condition for Rule 2, .although both are well within 
the allowed limit of 0.75. 

The compressive stresses, affecting Rule 3, are greatest at the toe for full reservoir and 
at the heel for empty re.servoir. 

For full reservoir we have for substitution in eq. (9a) 

S(Tr) = IXR'If = 1.53,550 from Table 4 
Z = ,59.46 
h = 1.0 

u = ! = 19.82 
o 


Therefore 


2iu' = 0, as there is no lail-waler 

(2) (4.53,5.50) r (.3)(19.82) 1 , 

= (1.0) (59.40) L* - 59.40 J ' " = 


(1.0) (59,40) I 

For empty reservoir we have for substitution in cq. (10a) 
SdD - iXWOA’ = 528,720 
b = 1.0 


Therefore 


21 

w == “ = 39.64 

Pu” = 0, as, for emply reservoir there is no head> water 
prc.ssuro. 


^ (2) (528,720) r (3) (39.64) 
(1. 0) (59.46) L 59.46 ' 



17,770 


These stresses are well within the allowed values of Pu' = 18,000 and pv*' = 25,000 
and Rule 3 is followed. 

As a matter of interest, the maximum inclined stresses will now be computed from eqs. 
(15) and (16). Equations (17) and (18) are not necessary unless the strength of the 
foundation is less than that of the masonry. 



Table 3. — Computations for Joint at Level 102.0 — First Trial 
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2(Tra:)F + S(Px)f 22,460,100 



Table 4. — Computations for Joint at Level 102.0 — Second Trial 
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Fai'tors for uso in eqs. (15) :iinl (10) are: 

8 G7 

At the toe of the dam, tan - * = 0.577; sec^i/>' = 1.330 

1 o 

At the heel of the darn, tan <f>** ^ 0.008; = 1.00 

For full reservoir, tan 0= 0.r>.">2; aec'^O — 1.305 
For empty reservoir, tan 9 = 0.0; = 1.00 

Pn is zero for full reservoir. 

Pn” is zero for empty reservoir. 

Therefore, from eq. (15), there results 

= I(15,250)(1.33) - 0] or 0, or (15,250) (1.305) 
p/ = 20,300 the greatest of these values. 

And from e(|. (Iti) 

/>/' = [(I7,770)(l) - 0] or 0. or (17,770)(1) 
p/' = 17,770, the greatest of these values. 



4_-jp7.q(/srtna^ 

'j^/06Sf2n(j/fr/aT 

Fio 11. 


c — 749 

f49 y‘60 

^ \(lst trfa/]\ j/sf trials 

\(Bndtriaf \f7ndtna/) 


J400 


Pomfaf 

referencey\ 

mo 


For Rule 4, we find that the values of tan = 0.577, derived above, docs not exceed 
the allowed value of 1.0. The section is therefore designed and tested above level 102. 
The succeeding joiiit.s arc fixed in the same manner. 

Referring to Fig. 8, it is seen that, at level 120, the linos of resultants for loadings 1 
and 2 will cross liefore the next joint to be designed is reached. 3'hercfore the joints below 
level 120 .should be de.signcd for loading 2. 

After the joint at level 140 is designed, it will be seen that the vertical pressures at the 
toe for loading 2 is about to exceed the allowed value of 18,000 lb. per sq. ft. It is evident, 
therefore, that the next joint lies in Zone V and eqs. (25) and (20) of Art. 6c apply. 

As.suming tentative values of I - 107.0 and y = 0.0, the factors for use in these equations 
are shown in Table 5. IVIaking the jiropcr .substitutions we have, for eq. («o) 


18,000^2 _ 991,900^ 
0 3 


991,900z/ -74,513,440 


+ 110.21/ = -330.r>3y + 24,838 


And, for eq. (26), 


. 49,580,000 +0 

3 1,212,780 


40.87 


Solving for I and y from ecis. (25a) and (2Go), there results 


(25a) 

(26a) 


I = 106.5 
y = 5.37 

Using these for closer values of I and y in Table 6 and proceeding as before, we find 

I = 106.4 
y s 5.30 

which are near enough to be adopted. . , . j. * j 

The joint should now be tested for the other designing rules as previously indicated, 

The necessary calculations will not bo repeated. 





Table 6. — Computations for Joint at Level 160.0 — Second Trial 
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Table 7. — Results ok Calculations kok Example No. 1 of Art. 38 

Vertical forces 

Weight of I Vertical component Summation of 

masonry j of head-water Uplift pressure vertical forces, 

Level of joint I'CWjjs | pressure reservoir full, 2;(W)|i' 



Ji.i'.'furvtiii 

empty 

I Loading 1' 

Loading 2 

Loading 1 > 

Loading 2! 

Loading 1 | 

Loading 2 

29.27 

101,800 



3,475 

7,230 ! 

98,320 

94,570 

34 

119,000 



5,725 


113,300 


39 

138,700 



8,400 

12,820 

130,300 

125.900 

44 

160,000 



11,380 


148,600 


50 

187,500 



15,400 

20,500 

172,100 

167,000 

57 

222,300 



20,700 


201,600 


65 

265,900 



27,700 

33,830 

238.200 

232,100 

75 

326.500 



38.050 


288.500 


87 

409,000 



53,050 

60.950 

356.000 

348.100 

102 

528.700 

932 


76. 100 


454 . 000 


120 

700.700 

.096 

7,700 

112,800 

123,600 

596,000 

581,800 

140 

931,300 

.770 

16,780 

163.200 

176,800 

781,800 

771,300 

160 

1,212,000 

,450 

35,320 

232,500 

249,800 

,011,000 

907,500 

180 

1,551,000 


56.320 


338,300 


1,2<)6.000 

200 

1,957,000 


103,300 


453,000 


1,607,000 


Horizontal forces 


Level of joint Jlorizontal ice Horizontal component of head- Summation of horizontal forces, 
pressure water pressure reservoir full, 2;(/')p 



1 Loading 1 

j Loading 1 j 

29.27 

40,000 

2,865 

34 

j 40.000 

6,120 

39 

' 40,000 

11,280 

44 

40.000 

18,000 

50 

40.000 

28,120 

57 

40,000 

42,750 

65 

40.000 

63.300 

75 

40,000 

94,600 

87 

40,000 

140,200 

102 

40,000 

210,100 

120 

40.000 

312,500 

140 

40,000 

450,000 

160 

40,000 

612,000 

180 

40,000 


200 

40,000 



Loading 2 Loading 1 | Loading 2 


11.600 42.C80 11,600 

46,120 

26,280 .')1.280 26.280 

I 58,000 

50,000 ' 68.120 50.000 

82.750 

91,550 I 103,300 04.550 

134.600 

185,300 180.200 185.300 

250,100 

378.000 i 352,500 378.000 

528.100 490,000 528,100 

703.000 ; 652,000 703.000 

903.000 I 903,000 

1,128.000 1.128.000 

I 
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Tablk 7. — ItBsirLTS OB ('AU-’ULATfoNs Foit Exami'le N(>. I OF AuT. 38. — (Continued) 


Moinoiits of vortical forcc.s 


! Moment of 


! 


Level of joint mjwonry 

I S(lt»£ 


wei^lit of Moment of vertical component 
of lieail-water pressure 


Moment of uplift pressure 



Reservoir 

1 empty 

TiOatliiiK 1 

Loading 2 

Loading 1 

Jjuading 2 

20.27 

1 1.222,000 



27,800 

57,8.30 

31 

■ 1,43S,000 



40,000 


30 

1 1,700,000 



70,200 

120,000 

44 

2.018,000 



ll.'i.OOO 


r,o 

2. l.j 1,000 



108, 400 

221,300 

o7 

3.0:)0.000 



247,000 


G5 

3 . SOO , OOO 



.303,000 

44 3,. 300 

7.) 

."».i;i7.ooo 



fiO 1,000 


H7 1 

7,008.000 



804,000 

1.020,000 

102 ' 

l.'l.tiSO.OOO 

0,200 


*,2.’)7,000 


120 

22,0:10,000 

7.'», 100 

72,010 

{,088.000 

1,010,000 

MO 

3:1,080,000 

1 1.■»,700 

1 1.">,7(M) 

»,‘Mi.f),000 

o.iori.ooo 

100 

10. 110. 000 

2r»S,700 

2()1,()(M) 

), 180,000 

10,200,000 

ISO 

70.800,000 


:r»2. 100 


15, 420, 000 

200 

00. 7.“ 0.000 


:m, UH) 


22,400,000 


Mornent.s of liorizontal forces 


Total rnomenlN 


Level of , moment \ 


Arm anrl moment of liorizontal cotti- 


; Summation of moments 
! of all forces, full reservoir 


joint 

1 of ice ])rca.sure 1 





-1' 


I..>! 

idiiig 1 Loading 1 

Loa<ling 2 

! T.oading 1 

Loading 2 

29.1 

0 27 

370. SOI), .3 00 

8 300 

6 42 

74,450 

1,573,000 

1,238,000 

34 

14 OO! 500,0001 4.67 

28,600 


: 1,976,000 


39 

10.00, 760,000 6 33 

71,1001 0.07 

2.54,200 

1 2,4.58,000 

1 . 8 : 39,000 

44 

24.00; 9C0,000| 8.00 

144,000 



1 3,007,000 


50 

.30.00' l,200,000i 10.00 

281,200 

13.33 

666,.500l 

3,764,000 

2,894,000 

57 

37.00 

1.480.000; 12. 3.3 

.527,. 500 



4,810,000 


65 

45.00| 1 , 800 , 000 ! 15.00 

9.50,000 



18.33 



l,73l,000i 

6,2.56,000 

.5,1.59,000 

75 

5.5.00 

2.200.000! 18. 33 

1,7:34,000 



8,. 510, 000 


87 

67. 00 ! 2'680.00oj 22.33 

3,1.33,000 

2.5.67 

4,7.55,000 

12,020,000 

10,820.000 

102 

82. Of) 3.280 000 27 . 33 

5,741,000 



22,4,50,000 


120 

100.00 

4,000,000' 33.. 33 

10,420,000 

36.67 

13,860,000 

33 , 7 : 10,000 

.32,820.000 

140 

120.00 

4.800,000| 40.00 

18,000,000 

43.. 3.3 

22,890,000 

50,970,000 

.50,. 560, 000 

160 

140.00 

5,600,000 46.67 

28,600,000 

.50.00 

, .35,150,000 

74,:i90,000 

74,630,000 

180 



1 

. 1 


.56.67 

1 51,220,000 


106,800,000 

200 

1 


63 33 

71,4.50,000 


148,900,000 
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Table 7. — Results of (Calculations foh Example No. 1 of Art 38. — (CoiUiuitcd) 


Location of resultants 


1 

Tangent 0 

Tangent d 

' Distance from point of 
Level of joint ri'ferenee 

1 Ueservoirl J..oad- Load- 
nnpty | mg 1 , ing 2 

Length 

of 

base 1 

Distance 
of heel 
from 

1 iioint of 
' reference 

heel 

Load- Load- 
ing 1 ing 2 


29.27 

12.00 

16 01 

13.01 

21 

0 

0 

0 

0.434 

1 0 123 

34 

12.07 

17.45 


26. 

0 

0 i 

0.459 

0.407 


39 

12 31 

18 86 

14.61 

28 

0 

0 

0 124 

0.394 

0.209 

44 

12.60 

20 22 


30 

0 

0 

0 408 

0 390 


50 

13 07 

21 88 

17 33 

32. 

0 

0 I 

0 415 

0.396 

0.299 

57 

13 72 

23.87 


35 

0 


0.126 

0 410 


65 

14 55 

26.33 


39 

0 

0 

1 0.142 

0.434 

0.407 

75 

15 73 

29 .'iO 


41 

0 

0 1 

0 191 

0. 167 


87 

17.3.') 

33.77 


5t» 

0 

0 1 0 533 

0 506 

1 0.533 

102 

29 68 

49 .^)0 


59. 

9 87 

0 009 1 

' 0..575 

0.552 


120 

37.70 

50 65 

56 15 

71 

8.75 

0 059 ' 

0 630 

0.592 

0 646 

1 10 

36.52 

61 90 

65 .55 

87. 

7. 19 

0 063 1 

0 699 

0.624 

0.68.5 

160 

10. SO 

73 30 

71.80 

106 

5.30 

0 019 j 

0.8.56 

0.643 

0.705 

180 

•15 60 


SI 20 

127 

3.00 

0.115 

0.9.50 


0.712 

200 

."iO 85 


92 70 

1.52 

-1.23 

0 212 1 

1 013 


0.702 


I 


.Miixmiijin im shiiro, in tliouhamls of poumls ptT squiirr foot 


At At toe 

J^evel of joint 



Keservoir 

empty 

Loading 

1 

Loading 2 


Vertic.'il | 

Inclined 

Vertical ' 

Inclined j 

Vertical 

Inclined 

29 27 



8 2 

8.2 

5 0 

5.0 

31 





1 


39 



9.2 

10.9 

4.9 

5.8 

44 







50 

9 2 


10.5 

12.3 

5.9 1 

7.0 

57 







65 

12.0 


12.1 

11.5 

8.2 ; 

9.8 

75 







87 

15.7 


11. 1 

18.1 

11. 0 

14.8 

102 

17 8 

17. S 

15 3 

20.3 



120 

19.5 

19.5 

16 6 

23.1 

15.9 

22.2 

140 

21.4 

21.4 

17.6 

26.3 

17.7 

26.4 

160 

22. S 

23.1 

17.5 

30.3 

18.0 

31.2 

180 

24.3 

24.6 



18.1 

34.4 

200 

25.0 

26.2 



18.0 

36.4 


• It will be noticed that the last value of tan w'lis slightly in excess of the allowed value of 1.0. 
The difference, however, was not considered important enough to warrant correction. 
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After the joint iit level ISO is reached, it is seen that the vertical pressure at the heel of 
the dam is about to exceed the allowed limit of 25,000. The joint at level 200 is therefore 
in Zone VI and can be calculated from e(|s. (27) and (28) of Art. 6c and then tested in the 
manner previously explained for the joint at level 100. 

All angles on the faces may now be .smoothed up wuth fillets to obtain an unbroken 
surfa<'e. 

In thi.s example the design has not been influenced by the maximum allowed values of 
tan 0, or tan as jifTc<*ting Rules 2 and 4. If, at any stage of the design, these alhiwed 
values arc exceeded, the design can be carried through only by a cut and try method as 
explained in Art. 5. 

7. Details of Design of Solid Spillway Gravity Dams. — Tho first step in the 
design of s])ill\vay darns is the dotorniination of the elevation of head-water 
above the spillway crest corresponding to th<^ maximum flood to be expected. 

Francis’ (‘qiiation for discharge over dams is: 

Q = ql, = (\ CU ! Ou + (29) 

wdiertj Q = total distdiarge in cubic feet per .second. 

q ~ discharg(‘ jM'r lintvir foot of efTectivt' crest. 

In = net or (‘ffectivi* length of crest f.c., tlie total h'ligth of cr(*st cor- 
rected for end contractions due to iiiers and sharp-cornered 
abutments. 

he - actual or measured head on tho crest, taken at a point sufhci(*ntly 
remot(‘ from the' dam to avoid th(^ .surface curve. 

he = head corresponding to tlui V(*locity of approach. 

C = coc'flicient which depends on the shape of the (Ti'st and the head 
on the cr(‘.st. 

C\ = correction for submergence. 

The head /i* corresponding to the velocity of apjiroach is equal to where 
V is the mean velocity of approach. 

The coefllci(*nt C for usi* in dc'termining the head, corresponding to the maxi- 
mum flood to be expijctc'd, may be taken as 3.9 provided the crest is givim the 
shape recommend(;d h(*r(‘inafter. 

The net length of cr(*st is the total clear length between piers and abutments 
corrected for contractions which will occur at eacth face of the piers and abutments. 
Experiments have indicat(*d that contractions are proportional to the head on 
the crest and, therefore, 

In ^ It — hciCatla + . . . C^rin) (30) 

where It = total clear length of crest. 

CafCbf etc. = contraction coeflicicnts applicabk* to the several diffi'nait con- 
tractions which may be exfiected. 

no,?i6, etc. = number of coiitra(;tions having contraction coefficients, (7a, (7*, etc., 
resjiectively. There are two contractions for (^ach pier and one for 
each abutment. 

The contraction coefficient C varies from 0.1 for sharp-cornered abutments and 
thick, blunt piers, to practically zero for well-rounded corners of abutments and 
for piers of very small thickne.ss and very pointed upstr(*am. It is not practical 
to provide very sharp-pointed piers on account of structural weakness and danger 
of damage from floating ice and debris. For the usual type of piers, having a 90- 
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deg. upstream point, as indicated in Fig. 12, a value of C = 0.04 is usually 
adopted. 

If tail-water rises above the elevation of crest of the dam, the dam becomes 
entirely submerged and the discharge is rc;duced. The value of C i depends upon the 
extent of submergence as indicated in Table 8. In this table, ha represents the 
depth of tail-water above the crest of tlu* dam. 



12 Typicjil .sharp hum* piiT. 

M'aHLK S. VaI.PI'S of TIIK CoKFFKMF.NT of SnilMKUOKNeF.' 



hr 


he 

Cl 


ha 

1 I 

ha 


0.0 

1.0()0 !' 

0 5 

0.93? 


0 1 

0 UOJ 

0 0 

0.007 


0.2 

I 0.0S3 

0.7 

o.sr)r) 


0 3 1 

i 0 072 

0 s 

1 0 77S 


0.4 1 

0 951) 

0 0 

0 021 




1 0 

0 000 


1 r. »S. Walrr Supiily aiul IrnK^aiuti J’ap'T Xo. 200 by U, lO. IIoktox. 


Having fixed theh(‘ad on the crest, the shape of the upper part of the dam must 
bt; determined. If th(‘ sheet of water, spilling over the crevst of a dam, jumps clear 
of the downstream face, a t( ndency to form a vacuum exists under the sheet, 
unless it lias amph^ access to the atmospliere. A partial vacuum will add to the 
overturning forces acting on tlie dam. For this rc'ason, and because it is advisable 
to avoid impact and scour at the toe, the top of the dam and the downstream 
face, under usual conditions, should be shajicd to correspond to the curve of the 
underside of the sheet of water, due to the maximum flood to be expected. That is 
to say, the downstream face should liave a slope at all elevations no steeper than 
that curve. For low dams on good rock foundations, this condition may not be 
required if the depth of head-water over the crest is small and provision is made to 
prevent a va(amm. 

Figure 13 and Table 9 indicate the recommended shape of the crest and the 
maximum slope of the downstream face for spillway dams. The dotted lines in 
Fig. 13 show the upper and lower nappe of the freely flowing water. The full 
line, indicating the recommended masonry line is not as steep as the theoretical 
water lines on account of the necessity of providing a margin of safety, the water 
lines being projected from experiments relatively close to the crest. 
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Tin* roquirements of Rules 1 and 2 can never be met within Zone I and stabil- 
ity must be providcnl by the special construction described in Art. 6. 

The lower limit of Zone IT can only be obtained by calculating the location of 
the resultant, reservoir full, at successive levels until a level is reached where the 
resultant intersects the joint at the exact extremity of the middle third. The 
downstream face of the dam will have the shape indicated in Table 9 until this 
level is reached, below which the dam, in consideration of other requirements, 


Water'svrface 



ViG. 13. — Recommended shape of crest and downstream face for spillway dams. 

will have a greater thickness and a flatter downstream face than would be 
required to fit the sheet of spilling water. 

Below the lower limit of Zone II the design is carried out exactly as previously 
described for solid non-overflow dams until the level of the foundation is reached. 
After the sha])c of the section is determined, a buckc^t (Fig. 2, p. 533) should be 
added at the toe to deflect the spilling water away from the dam. The bucket is 
sometimes omitted for small dams and for small maximum discharges if the 
foundation is hard rock. 
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Taule 0. ---Values ok (’ookdi nates in Fjo. l.S kou Unity Head on Chest 
(Multiply Jill (lUMutities in thn table by ncluul head on crest) 


X for vertical upsl.roaiu face x for upstream face inclined 45® 


y 


Tluio retie. al water sheet 


Thcoreti(aiI water sheet 


Masonry 



Masonry 




line 



line 





l’f)per nappe 

[.(Ower nai)po 


l'pj)er najipc 

Lower nappe 

0.0 

0.120 

-0 831 

0. 120 

0 013 

-0.781 

0.043 

0.1 

0 030 

-0 803 

0 030 

0 010 

-0.750 

O.OlO 

0.2 

0 007 

-0 772 

0 007 

0 000 

-0.724 

O.O(K) 

0.3 

0 000 

-0 740 

0.000 

0 005 

-0.080 

0.005 

0.4 

0 007 

-0 702 

0 (M)7 

0 023 

-0 048 

0 023 

0.(i 

0 0()0 

-0 (120 

0 003 

0 000 

-0 552 

0 090 

0 8 

0 142 

-0 511 

0 153 

0 180 

-0 435 

0 193 

1.0 

0 257 

-0 380 

0 207 

0 321 

-0 203 

0 333 

1.2 

0 307 

-0 219 

0 410 

0 480 

-0 121 

0 500 

1.4 1 

0 505 

-0 030 

0 500 1 

0 005 

0 075 

0.700 

1.7 1 

0 870 1 

! 0 305 

0 020 ; 

0.002 1 

0 438 

1.05 

2 0 

1 22 i 

1 0.003 

i 1.31 

1.377 

0 800 

1 47 

2 5 i 

1.00 i 

1 50 

2 10 

2 14 

1 71 

2.34 

3 0 ! 

2.82 1 

! 2 50 

3.11 

3 00 

2.70 

3.39 

3 5 

3 82 

3 00 

4 20 

4 08 

4.00 

4.01 

4.0 : 

4.93 ; 

5 00 

5 01 

5 24 

5.42 

0.04 

4 5 

0 22 i 

0 54 

7.15 

0.58 

7.07 

7.01 


8. The Design of Hollow Dams.-- AVliile hollow dams of many types have 
been constructed, the usual tj’pe consists of a vseries of i)arallcl equidistant 
concretii buttresses cov(?red by a water-tight deck on the ui)stn*ani side and, for 
spillways, a downstn^am apron and bucket to support tin; sh(‘(‘t of spilling water. 

The general theory of d(*sign given lieretofore for solid dams will apply also to 
hollow dams. Tin? latter, however, admit of no direct economical methods of 
design and the shape of tlu? buttresses, tyj)e of decking, and other details are 
worked up in a(!cordanc(i with the judgment of the designer and the structure 
testiid for conformity with the d(‘signing rules heretofore given. 

Hollow dams have btum constructed on good rock foundations to heights 
considerably in excess of 100 ft. Only conservatively designed low hollow dams 
should be built on earth foundations as unequal settlement is sure to cause stresses 
not possible to provide for in the design. 

Hollow dams are considered more economical than solid gravity dams for 
remote locations where the unit cost of concrete is quite high and formwork 
relatively inexpensive. 

The choice of top width and super-elevation above water surface for hollow non- 
overflow dams is fixed according to judgment as outlined for solid dams. The 
shape of the crest and the upper part of the downstream face of spillway dams is 







Fig. 15. — Tj^pical hollow flat blab non-overflow dam, 
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governed by the requirements, previously explained, to conform to the shape of 
the spilling water corresponding to the maximum flood to bo expected. 

The upstream ends of the buttresses arc built on a slope of 45 to 60 deg. with 
the horizontal, thus allowing the utilization of a large vertical component of the 
water pressure to assist stability. This feature results in a considerable saving 
of concrete as compared with that requinnl for a solid dam, although the unit cost 
of concrete for the former typ(» is the more* expensive. 

The downstream ends of tliosc buttresses liaving no downstream apron are 
made vertical or slightly battered. This l)atter usually starts from about mid- 

height to tlirce-(iuarters-height of the 
dam. A downstream batter may be 
necessary to conform to the require- 
ments of Rule 1 and, in some eases, it 
may he found advantageous to limit 
the controlling stn'sses in the concrete 
by (‘xtending rather than thickening 
the buttresses. 

The buttresses are in rt‘ality thin 
walls, ciuit(‘ heavily loaded. They are 
usually well reinforced for stiffness with 
steel bars extending into the deck and 
juovided with struts at intervals ox- 
temding tliroiighnut the? length of the 
dam. The struts arc usually spac(;d 
center to c(mt('r about tw(4vc times 
the thickness of tlui buttresses. 

The struts arc reinforced for com- 
pression, tension and also for bending 
due to th(*ir own weight and the weight 
of any iut(n*ior walkways which they 
may be required to support. Th(i liori- 
Frcj. IG. — Typical hollow Tiiultiplc* arch <hini. 25ontal building joints ill tho buttresses 

arc located on the center line of struts. 
On soft foundations tIl(^ buttresses may be })r()vided with plain or reinforccid 
concrete spread footings. These footings are sonu'times of sufficient width to 
provide a continuous concrete mattress und(T the dam. Such mattresses should 
be provided with large weejiholes to pr(*vent uplift from head-water. 

Open holes in the buttresses are convenient for the passage of men and materials 
during construction and an inspection gallery is sometimes provided unlciss, in 
low dams, access to the interior may be had from the downstream side at ground 
level. 

There are two general types of hollow dams, the '^flat deck'' type and the 
multiple arch" type. Each type is characterized by the d(;cking. The deck 
for the former type consists of flat, rcinforcc^d concrete slabs as indicated in Figs. 
14 and 15 and that for multiple arch dams a series of arch(\s as shown in Fi^. 16. 

The loading for the flat slab deck is uniform for each ekivation. Arch decks, 
however, are designed in normal slices and, for each slice, the (;rown is at a higher 
elevation than the haunch. Consequently the loading will bo less per square 
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foot at the crown than at the haunch. I'liis is an important consideration, 
particularly near the top of the dam whore the maximum ])crccntage dilference 
occurs. Mainly for tliis reason the top part of multiple arch dams are usually 
provided with vertical docks and some recent dams an^ designed and built with 
the arches circular in horizontal s(»ction. 

The component of the weight of the d(ick, acting normal to the upstream 
edge of the buttresses, should be included in the deck loading. 

The arches of multiple arch dams should always be reinforced for stiffness 
and well tied into th(^ buttresses, even if such reinforceiiuMit is not needed to 
resist the un(*qual loading of th(i arch. A central angle of 120 deg. is considered 
most economical for the arches as explained hereinafter for arch dams. . 

With flat decks the buttresses are spaced from 15 to 25 ft. centers; but for 
arched d(M;ks a greater spacing is more' economical, 30 to 40 ft. being usually 
adopt(*d. Much ch'pc'iids upon the average lieight of the dam and other considera- 
tions. The most economical spacing can only be obtained by comparisons of 
alternative designs. 

Tor hollow sj)illway dams of consideralde h(‘igbt and tliose on foundations 
susce])tible of erosion, the dam is provided with a downstn'am apron, shaped 
to lit th(‘ sheet of spilling water corresponding to the maximum liood to be 
(jxpected. The ])roper shape is indicated in Table* 0 and Tig. 13. The apron 
should t('rminat(* in a bucket at the toe of the dam to deflect the water lU’operly 
into a liorizonlal dinictioji. The apron ajid particularly the bucket should be of 
ample thickness aiid well reinforced to withstand the impact of ice, trees and 
other objects which maj" pass over the crest. 

If an apron is j)rovided, provision sliould ])e made for well ventilating the 
interior of the darn by means of openings in the buttresses and an open wshaft 
at each (uid. Tlui int(;rior of the dam should be well drained to prevent the 
accumulation of leaks from h(»ad-water. 

In th(? design of hollow dams the choice of type is the first consideration. This 
varies with local conditions and the judgment of the design(*r. 

The spacing, thickness, inclination and other details of the buttresses and 
deck are then adopted tentatively and the dam is tested for conformity with 
the designing rules hereinbefore given. 

Rule 1 may necessitate a change in the length of the buttresses, cither by 
providing flatter slope to the downstream end to increase the length of the base 
or to the ui)strcam end to increase the vertical component of the water pressure, 
whichever seems the more expedient. 

Rule 2 may require additional W(ught which can best be obtained by pro- 
viding a flatter batter to the upstream face. 

Rule 3 may require an increase in area of buttresses by thickening or lengthen- 
ing or both. When calculating the unit compressive stresses in horizontal joints 
and the base, the horizontal area of tlic deck not being in monolith with the 
buttresses, should be included if, by doing so, the calculated stresses are found 
to be larger. Referring to Art. 3c, it is seen that the addition of the area of 
the deck to the area of the buttresses will decrease the direct stress but the eccen- 
tricity c may be lengthened sufficiently to increase the flectural stress to a greater 
extent, resulting in an increased total stress at the extremity of the base. 

Rule 4 is not a governing condition in the usual type of hollow dams. 
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Uplift duo to hoacl-wator is uovor oonsidorod for hollow dams on account of 
the thorough draining of the interior and tin; inoluujd n'iiiforcomeiit in the decks 
which is carried down into the masonry cut-ofT. 

The designing conditions and characteristics of the hollow dams indicated in 
Figs. 14 and 15 are giv(‘n in 'rabli* JO. The w(*ight of conen'to was taken at 
150 lb. per cu. ft. 

Tahle 10. — C-iiAUA(’TEitrsTi(\s OF Hollow Dams Indicated in Kujs. 14 and 15 
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9. The Design of Arch Dams.— Arch dams an* dt'signt'd 1o resist the force 
of th(‘ water and silt by horizontal arch action and arc ada])table only to those 
sitt's where th(i length is small in coin])arison wdth the height and tiui sitles of 
the vaxlley are composed of good rock to resist th(‘, arch thrust at the htiunchos. 

Tlic dam will not act its a true arch due to the restraint at the bas(i where it 
is in contact with the relativ(‘ly rigid foundation. Hecausi^of this rckstraint the 
dam acts ji.artly as a vertical caiitil(‘V(‘r which reduc(‘s tiu* load to be carri(‘d by 
the lower part of the arcli; but transf(*rs an additional load to the upiier part. 

AFany attempts have been made to devise mc'thods of design to take into 
consideration the affecting (jonditions of the elasticity of the vertical cantihiv’cT 
beam action, the weight of the coma-ete, varying span, varying radius, and exj)an- 
sion and contract ifin of the masonry due to clianges in temperature, moisture 
contents and tin* setting of (concrete. 

So far, hf)vv(?v('r, sucli nn'thods of design hav e not met with general approval 
as it is considered that the effect of most of these (jonditions is ind(‘t(‘rminate. 

Most arch dams have; tlu'refore been (h’signed in accordance with th(‘ following 
eiiuation which applies to thin, .submerged, (‘inpty cylinders 


V 


V f’ 
I 




where, for a given level, 

p = stress in tin* arch in pounds per squan? foot, 
f/ - load on the arch in pounds jier scpianj foot. 
r — up-st.r(iam radius in feet. 
t =- t.liickncss of the arch in fc‘et. 

It must be realizf'd that this equation is inaccurati? for arch dams and gives 
results which are not ncces.sarily on the safe side. Tlnaefore the allowed arch 
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stress ?> for use in the design must bo extreniel}^ conservative. Arcli stresses in 
84 existing dams, com])ut(‘d by eq. (81), rnngt' from 28,000 to 70,000 lb. per sq. 
ft. and in two extreme cas('.s, 120,000 lb. per s(|. ft. is indicated. 

There is no record of a failure of an arch dam. For this reason it is not known 
how close the actual str(‘ss(‘s in th(‘se dams a])proach the ultimate stnmgth of 
the masonry. Tt is rocoininend(‘d that tin; value p, for use in cq. (81), should 
not exceed Js to j f 2 t)f the ultimab* strength of th(' masonry de])ending upon the 
importances of the structure. 

The designer should make a detailed study f)f (‘.xisting are^h dams and con- 
form to the usual relative dimensions of such structures or reduce his allowed 
stress(‘s accordingly as any de- 
viation from existing types 
should 1)C consi(leri‘d in the 
nature; of aji e'xpe'rinieuit.^ 

As an arch dam is in re'ality 
a le)ng ce)lumn, ree*e‘iving lateral 
suj)pe)rt enily through its con- 
ne'(;lion te) the; fe)Uiielat ie)n, a 
maximum ratio of curv(;el leaiglh 
to IhiekiK'ss should not be (‘x- 
c-(M‘eleHl. Using as prece‘(l<Mit a 
study of a numlxu- e)f e'xisting 
elams, it is recommeMule*el that 
this ratie) she)uid ne)t exceM'd 25 
at niid-lieight ne)r (>5 at thete)p 
of the dam and prefe'rabl}" slieadd 
be 20 aneloO re'sjx'ctivcdy. The; 
ratio at the top nu\y be se)nie'- 
^\hat ine-reased if the ratio at 

ce)nsid(‘ra I )ly eleaa'e'ase'd 




particularly if V(‘rtie*al reinfe)re;oine‘nt 


inid-he*ight is 
is preivielial. 

The reiedv at the abut merits sliould be well steqipeel to salely withstanel the arch 
thrust without sliding at the' are*h haunedi. 

lleiri/.ontal anei vertical reinfeirceanent has been use*d in small, thin arch dams 
but seldom to the extern t necessary to alTe'ct matea-ialiy the; strength erf the 
structure. 

Ice thrust, if preibable, may be considereel as ae;ting ove'r a peu’tion of the 
arch at least e'qual to twice the arch thie;kness plus the' assumed thickness of 
ice and conside'rably more if ve'rtical stee'l reinferreeinent is used. 

Early arch elams were constructed mostly with a constant radius at all 
levels, iK'cc'ssitating a central angle (Eig. 17) which gradually decreased towards 
the base of the dam. Jorge»nson^ has she^wn that the greatest theoretical econ- 
omy obtains when the central angle is 188 deg. 84 sec. at all elevations. If 
the cost of formwork and similar items were included, this angle would probably 
not exceed 120 deg. or even less. 


* For detailed dimensions of 34 arch dams see Table XX IV, “Engineering for Masonry Dams,*' 
by W. P. Ckeager, John Wiley and Sons, 1917. 

I J^ransacltons, Am. Soc. C. E., vol. 78, p. 685. 
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It is not always possible to use a constant central angle where the config- 
uration of the rock surface is such that a constant angle would result in less 
thickness at tlic bottom than at higher elevations. Therefore the dam should 
be designed to as near a constant angle dam as practical considerations will allow. 



Fill, IS. — Tyi)ic.'il cofistaiit anj^lo ar<‘li dam. IfjS-ft. diim for Salmon Crock, Alaska. 

For the dam shown in h'ig. IS the central angli* reduces rnati^rially towards 
the base to keep tlie structure from overhanging in places, llowc'ver, the dam 
more nearly conforins to the characteristics of a constant angle* dam than one of 



Fig. 19. — The KorckhotT arch dam. li. F. ,J;ikoI>seJi in Proo. Am. Soo. C. K., Dooomhor, 

1920, p. 21. 

a constant radius. The maximum stress in this dam, claculat(*d from eq. (,*U) 
is 47,500 lb. per sip ft. 

The weight of masonry in arch dams is not included in the forces resisting 
overturning and is therefore ample to resist all possible uplift pressure. In 
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large' arch dams, the base is thickened by providing a dowiistrcaTii batter, as 
indicate^d in Fig. 18 , in order to safeguard against excessive vertical compressive 
stresses due to vertical beam action. 

• The downstream face of constant-angle arch dams is usually vertical, or 
nearly so. A discharge over the crest will therefore leave the downstream face 
and cannot be directc'd li or izon tally away from the 
dam by a buckcit as in tini case of gravity dams. 

Therefore arched spillway dams of this type arc not 
practical for large disc^harges unless the foundation 
is not easily eroded, or proj)er precautions are taken 
to prot(?ct it. Figure 10 indicat(^s an arch dam 
designed for a large flood discharge. 

The safety of an arch dam is dependent mainly 
upon the strength of the abutments and particular 
(;ar(' should be taken to protecjt that j)art from ('rosion. 

Tri soriH' instances, the downstream fae(^ has been 
sliaped to fit the underside of the spilling sheet, as 
indi(;ated in Fig. 1,3, but this results in a section much too thick for economy as 
an arch, although some saving can Im' made by over hanging the lip of the crest as 
indicatc'd in Fig. 20. 

RESERVOIRS 
By S. C. IfOLLISTEIl 

Although all forms of structure's for retaining liquids may be classed as 
reservoirtij t he term is usually taken to apply to those large structures which in 
tlu'mselves are used as Ihpiid containers, the smaller ones being classed as tanks, 

10. General Types. — Tht'ie are in general two types oi)en and closed reser- 
voirs. Cov('rs are usually of concrcti', with a topping of earth. They are of 

advantage in preventing undesirable 
evaporation, warming or freezing of 
water, pollution, and the spread of 
certain obj(!ctionablc growths re- 
quiring sunlight. 

11. Open Basins with Embank- 
ment Walls, — The simplest form of 
rc'servoir is an earth basin lined 
with a reinforced concrete pave- 
ment. The supporting strength in 
such a structure must be supplied 
by the embankment and subsoil. 
Compacting and thorough settling 
of the embankment is imperative. 
The inner slopes should preferably 
be 3:1 and never steeper than 2:1. 

Since settlement is likely even under the most favorable circumstances, it is 
preferable to reinforce the pavement, and it is especially important to provide 
expansion and contraction joints in both directions. Reinforcement is usually 
a mesh. The joints should be provided with a crimped flexible gusset to insure 
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water-tightness. Details of such joints are shown in Fig. 21. Spacing of joints 
should not exceed GO ft., and if the dry reservoir is (*xpos('d to tlie sun or winter 
weather, the spacing should not exceed 30 ft. 

All pipes and fixtures passing through the floor sliould be flanged within the 
floor slab and the joint surrounding it well wat(U’])roofed. 

12. Open Basins with Concrete Walls. — AnotluT common tyi)e of reservoir 
has gravity tyoe retaining walls, with or wiilumt an (»arMi ejnbankment against 
th(‘ outside of the wall. TIkj lloor is a r(*infore(*d j)avem(*nt of the form described 
above. If earth fill is against, th(‘ outside of the wall, the wall must bii designed 
to withstand tin' earth ])r('ssiire from without wIkmi it is (‘ni])ty, and the water 
pressure from within wIk'ii it is full. If the earth does not shrink from tJie face 
of the wall, it will help to resist the wat(T pressimi. The wall pushing outward 
against the ('arth fill would, how(wer, tend to force out a prism of earth, 'riie 

larg(‘st thrust which the wall can 
ex(‘rt without actually forcing out 
tin's i)T-ism is called tiic 'pamsivc 
thrust. 

In Fig. 22 let AB be a given 
wall with an ('inbankment whoso 
earth surface is Ahfu tending to 
ri'sist a prc‘ssur(j acting against 
tlio wall from the left. The 
friction Ix'twc'on Avail and earth 
will act downward, since the 
earth Avill tc'iid to move upward. 
The rciaction of the earth P Avill thus be direct(‘d uinvard making an angle 
abov^c the normal to the wall of 55 (angle of friction of the material on the 
Avail), but inner greater than </> (angle of internal friction). Lay off on the 
surface linc^ points c, 6, c, etc. arbitrarily. Draw lines from these points to B, 
thus bounding a series of i)risins of length 1 ft. per]>cndicular to the drawing. 
Compute the Aveights of tJiese juisms and lo any convenient scale lay them off 
in order, on the line B\V Avhich makes an angle <f> with th(‘ horizontal as vc„, 
av, etc. DraAvtlirough one of thes(‘ |)oints a line, as twdy Avhich makes an angle 
Z to the right of a normal to B\V. TIkui through each jioint on BW draw aline 
paralh*! to this direction ///’j, to an int(*rsection with corresponding ray through 
/i, as w, lo Be at S,] ?/’, to Bf at Sf\ etc. Through the points S draAV a smooth 
curve. (This curv(' Avill have breaks at rays comu'cting B with points of change 
of slope.) Draw a tangent v to tluj curve jiaralh'l to BW, and through the jioiiit 
of tangency draAv a ray from B, as BS^g. This line will represent the jilanc of 
rupture of the embankment if the passive thrust is exceeded. The distance 
WgSg between BW and tlui tangent v, measured parallel to the direidion tuu 
and to the same scale as tliat used in laying off the weights on BW, is the magni- 
tude of the passive thrust. 

The point of application of P, the reaction of the earth against the Avail, will 
be one-third of AB above B. 

Proof of the construction may be at once seen by revolving the force triangle 
BSgWg to such a position that BWg lies on AB. Bwg is then serm to be the weight 
of the block of earth AhJgB lying above the plane of rujiture Bp; BSg is the 
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resultant pressure on the plane Bg and making the intcTnal friction angle 0 
thereto; and as previously not(»d, ‘WoBg denotes the passive thnist, at an angle 
(90 dog. ± Z) to tJie wall. 

The moment of the j)assivc thrust is added to the moment of resistance, taken 
about the third point toward the earth, when the reservoir is full ; and the moment 
of the active thrust is taken as the attacking moment about the third point toward 
the water, when the; rc'servoir is empty. 

13. Roofs and Floors of Covered Reservoirs. — The covers or roofs of reservoirs 
arc supi)orted on columns. I'lie roof design may be of beam and girder con- 
stru(!tion, fiat slab, or of groined arch construction. Th(‘ floors may be formed of 
concr(?te i)av(*ment with in(h‘peiul(Mit footings for thi' columns, or they may be of 
flat slab or invert(‘d groincul arch construction. 

In th(i ev(mt that the columns are supported on separate footings, not a part of 
the floor slab, the footings should be so d('sign('d as to exert upon the undersoil 
a pressure of intensity as ii(?ar as possible to that exerted by tlie floor slab when the 
reservoir is full. Such a precaution will minimize settlement. Great care must 
be taken in properly waterproofing the joint of the floor pavement at its junction 
W'ith the column base. 

Inverted groins are favor'd by many engineers be(;ause of the continuous 
inverts formed in the t wo directions by the arch construction, thus giving suitable 
drainage. Th('r(i is a furtlu'r advantage in such construction in that a maximum 
spn'ad to the eoliimn load is atTonhal through this type. The plane of contact 
betw(‘(*n the floor and the und(‘rsoiI is, of course, flat. 

A Tnodification of inv(*rted groiiK'd arches consists of a thick slab over the 
floor with sjiread footings cast monolithic with it. The space b(;twccn the column 
footings is IIumi troweled to form a slight depression thus giving the advantage of 
draining, yet minimizing the difliculty of formwork ex])oriencod in the groined 
arch construction. Groined arches, on the otlier hand, may not need to be 
reinforced. 

Flat slab roof construction gives the simplest formwork and the greatest head 
room. Its construction is similar to that for a floor. Beam-and-girder construc- 
tion for the roof would be similar to that for a floor. 

Groined arch ccmstruction is seldom us(»d to form the roof. In such con- 
struction it is necessary to build the roof in sections, each acting as an “umbrella^* 
S])reading out from the column at its center. Such arches are usually not 
reinforced but are given a steep i)itch. Some trouble has been experienced by 
cracks forming along the crown of the barrels in both directions, thus following 
the construction joints. These cracks are usually caused by uneven settlement 
of the footings. 'I'lu'y permit seepage to enter the reservoir and thus thwart one 
of the main purposes of a cover. 

14. Partition and Outside Walls. — licdnforcu'd concrete walls may be used both 
for outside walls and for partitions. In the case of square or rectangular reser- 
voirs, these walls act as cantilevers. They must be designed to withstand 
pressure from either side, where such pressure exists. 

Vertical joints in reinforced concrete walls, or partitions, are necessary at 
frequent intervals. The spacing must be determined by the condition of use. If 
the reservoir is covered, the wall should have a vertical expansion joint spaced at 
intervals of about three times the height. If, however, the wall is subject to open 
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exposure with the reservoir empty, the spacing between joints should in no case 
exceed 30 ft. for reinforced concrete retaining walls, and about twice the height for 
gravity walls. The tongue-and-groove type of keyway with a folded metal strip, 
as in slabs, makes a satisfactory joint when thoroughly waterproofed. 

The walls of circular reservoirs should be investigated for hoop action. The 
decision as to whether the wall acts as a cantilever, or as a vertical cylinder, lies 
in the extent of the radial deflection of the wall when acting under hoop tension 
alone. If this deflection from hoop tension would exceed the deflection likely 
from retaining walls, then the wall should be designed as a retaining wall. It will 



Fia. 23. — Oklahoma oil reservoir formed by lining einmlar embankment with concrete. 


be apparent from this that the lower portion of the wall, in any event, will not act 
through hoop tension because of the restraint exerted upon the wall by the base. 
A further study of such restraining action will be found in Art. 18. 

16. Quality of Concrete for Reservoir Masonry. — The concrete to be used in 
reservoil* construction should be designed for maximum density as well as for the 
desired strength. The selection and gradation of the aggregates, the amount of 
water, and the method employed in placing arc all important factors in obtaining 
a dense, tight wall . If the space between forms is small, the placing should be 
done in such a way as to deposit the concrete as near as possible to the point it is 
to occupy. 

16. Examples of Construction. — Figure 23 shows a large reservoir for fuel oil, 
built at Gainesville, Texas. The embankment was built in 3-in. layers from 
earth taken from the pit by fresnos and wheel scrapers. Both pit and embank- 
ment were thoroughly wetted to aid in compacting the soil before placing the 
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lining. The drainage from the roof, the seepage stops along the supply line, and 
the detail of expansion joints should be carefully noted. 



Figure 24 shows a 2,000,00Q-gal. reservoir for water at Enid, Oklahoma. The 
slope embankment, with a low retaining wall at the top, is a very economical 
structure, since the slope replaces what otherwise might be a very heavy 



Fig. 25. — Slip plates used in expansion joints at counterforts. 

pressure against a high, thick wall. Note the expansion joint between wall 
and roof. 

Figure 25 shows slip plates used in expansion joints at counterforts in a large 
reservoir with reinforced concrete wails built at Highland Park, Michigan. 
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STANDPIPES AND SMALL TANKS 
By S. C. IIOLLISTKlt 

A standpipe is a eylindrical tank usually having a height greater than its 
diameter and resting directly upon its foundation. The common use of standpipes 
is for the storage of water. 

Standpipes of concrete require particular care in construction. The walls arc 
rclativel}'^ thin and the head of water is usually quite large. It is ther(‘forc essen- 
tial to use concrc'te of such pr()i)()rtions as to prodiuie great density, and that all 
possible care Ixi exercnsc'd in i)lacing the concrete to prevent j)orous areas or 
improperly constructed work j)lanes. 

17. Analysis of Stresses in Standpipes.- Since the pressure of the fluid vari(*s 
in intensity with the dei)th, the unit pressure at a depth y (sec Fig. 20) is 

Vv = ^^’2/ 

Suppose a circumferential strip 1 ft. wide be cut from the shell at the depth ?/; 
then the total tension on any diameter of this ring is 

T — pyT = wry 

where py is in pounds per scpiare foot; r is the iniuM* radius of the tank in feet; and 
T the pull on one side of the tank in pounds p(*r foot of 
height. Thus it is seen that the hoop tension in the 
sh(‘ll increases in intemsity with increase* in de^pth. 

Circurnfeirential reinforcement is lUicessaryto accom- 
modate this bursting stress. The tensile r(*,sistancc offered 
by the concrete is low. Concrete of good quality will 
crae^k at an elongation of 0.00010 to 0.00020 in. per in. 
The value O.fXKllO corresponds to a unit stress of 2001b. 
per sq. in. in the concrete and (when steel bars arc present) 
3, 000 lb. per sq. in. in steel. Elongations in excess of 
this amount should be considered as transferring all of 
the tensile stress to the steed, in which case sufficient 
steed should b(* jirovided. Where high heads arc used, low tensile stress should 
be employed, but in tanks having a head of 30 ft. or less, steel stress(*s as high 
as 10,000 lb. per sq. in. have proven successful. This is undoubtedly du(* to 
the greater amount of the hoop tension being taken by the concnitii. Ckim- 
putations should be made assuming the concrete to take tension, to determine 
the possible elongation and thus to determine whether vertical cracks would 
be likely. 

An ingenious type of construction has recently been employed in a tank of 
considerable proportions. A shell of concrete was first erected, after which steel 
hoops provided with turn-buckles were placed around the shell at spacing 
dependent upon the pressure. The hoops were then drawn up by means of the 
turn-buckle, until they sustained a tension of 15,000 lb. per sq. in. Concrete was 
then built up on the outside of the hoops to embed them and to entirely cover the 
shell first constructed. By this method it will be seen that the initial compression 
in the original concrete shell produced by the tension in the hoops, must first 



Fig. 2(). 
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be overcome before the inner shell of concrete would crack. The use of higher 
hoop stresses arc thus possible.^ 

18. Restraint at Base. — The deformation of a standpipe is not wholly due to 
the elongation of the hoops under stn^ss. At the base the rigidity of the bottom 
prevents hoop exj)ansion and introduces a restraining moment on a vertical 
element. If the sid(i of the tank were of uniform thickness and a homogeneous 
material were (implo 3 ’^(?d, the deformation of the rings would vary as the depth 
of water. But in the dc^sign of a concrete standi)ii)e with steel reinforcement, 
the hoop elongation will be limited to that elongation which corresponds to the 
adopted working unit str(‘ss in tiie steel. 'Flms in Fig. 27, the portion HC of the 
exaggerated (h'formation is a constant for any depth Ix'twcen B and C. The 
deformation to AB may bo a straight line or not; however, it is the gradual 
inen^ase of d(^formation up to that corresponding to the working hoop stress. 

The rest raint of the bottom is such tliat at T) no hoop stress exists, but rather 
a fixity, similar to a vertical b(‘am fix(‘d at th(‘ lower end. This restraint decreases 



Ficj. 27. 



so that at some point C only hoop stress, and likewis(j hoop deformation, prevails. 
It is evident tliat at this point, C, the tangent to the deformation curve is again 
vertical, thus parallel to the tangent to the curve at the bottom. 

Suppose the lower portion of the shell of the tank or standpipe to be made up 
of vertical bc^ams restrained at their lower end, and Iiaving a length sufficient to 
include the deformation TZ), Fig. 27. Then (Fig. 28) thcj watcT pressure varies 
from its upper end with w{h-l) to its low'cr end with 'ich. Let the beam be acted 
upon at its upper end by moment ilf', sufficient to maintain the slope at that end 
parallel to that at the base. Then the slope at C is zero with respect to that at 
7). The deformation A at C must be equal to that caused by ring-working stress 
only. 

Now imagine the elastic hoops existing between the levels C and D to restrain 
the deformation of the beam somewhat. Let the deformation of the beam 
thus modified be that shown by DC, Fig. 28. The hooi)s stresses between the 
levels C and D will thus vary as abscissas to the deformation curve CD, Before 
we may again consider the vertical beams separately, the effect produced by these 
hoop stresses should be used to modify the water pressure on this beam. The 
deformation area DeC may be converted to a corresponding stress area, and sub- 
tracted from the pressure trapezoid obDc by placing cD upon ab. The loading 
left to the restrained cantilever beam to be resisted by beam action is therefore 
represented by the area hfecD, 

I See Proceedinaa American Concrete Institute, 1023. 
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Since the actual form of tin* curve hjee is still unknown, the resultant loading 
is likewise unknown. So far as concerns the deflection A of the end C a very 
close approximation is ai)pareiit by using the triangular loading 6cD. It 
should be noted that this triangle exceeds the actual loading at e (curve bfee) 
but is less than that at/; but since the upper |)ortion of the beam contributes more 
than half of the deflection, the approximation becomes, if anything, slightly on 
the safe side. 

Now, from the theory of deflections of rein forced-concrete beams 

A _ 1 hV n 

^ “ 2,212A^ * a 


in which h = depth of water at bottom of tank, in inches. 

I = length of beam element CD^ in inches. 
d = effective d(‘pth of beam element CD^ in inches. 

Ea = modulus of elasticity of steel, pounds per square inch. 

- = num(*rical coefficient dependent upon p and n, in which n is recom- 


mended by Tunieaure and Maurer to be 8 or 10 (see Fig. 29). 
A = deflection of end f/, in inches. 

Since at the point C, this deflection of the 
vertical elenumt nmst ecjual the radial deflection 
of hoop tension, which may be written 

A = r 

By equating these two d(‘fl(‘ctions, we obtain the 
following densign formulas: 





If^rd^h 



n 

M 

= 2.55 

a 

A/' 

= 




jMd^ 

1 

= 6.86^ 

h: 


(in .-lb.) 


(in.) 


The point of inflection is at 0.37f above the bottom. At this point the rein- 
forcement may swing from th(j inner to the outer face. Although only a third 
of the steel is need()d at the outer face, the remaining steel should be carried up 
sufficiently to provide ample bond. 

The moment above the point C may be assumed to vary as a straight line 
from the value M' at C to zero at the top. This is not strictly true but is suffi- 
ciently close to provide a means of cutting some of the steel near the outer face 
if desired. 

19. Shear at Base. — The shear at the base may be seen from Fig. 28 to be 
equal to the triangular loading on the beam. Thus, the shear per foot of 
circumference becomes 

V = 0.217W 

where h and I are in inches. 
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20. Small Tanks. — ^Tanks and reservoirs of small size are very readily con- 
structed and have been put to a wide variety of uses. They have commonly 
been used for the storage of water and of fuel oil, both above and below ground. 
Their use in various manufacturing processes has proven them adaptable to 
many uses where the contained solution is not strongly destructive of the cement. 
Concrete tanks have been used successfully for containing mineral oils, and 
many vegetable and fatty oils; for tanning solutions; for substances in fermenta- 
tion, as sauerkraut; and when coated with acid-resisting substances, for pickling 
vats and other metal baths. Carefully graded silicious aggregates should be 
employed in tanks containing active agents. 

Small circular tanks arc designed for hoop stress in the same manner as are 
the sides of standpipes. Th'straint of the base must also be considered, since 
in most small tanks the diameter and height are 
not great enougli to escape this restraining effect on 
the full height of the tank. When computations, as 
for a standpi[)c, indicate a length I greater than the 
depth h of th(i tank, the design of vertical elements 
should follow the loadings of Fig. 30, in addition to the 
design for hoop stress. The effect of hoop stress will 
be small near the bottom of the wall, when a sliding 
joint is not provided. If a construction joint or 
keyway is provided at the foot of the wall, without provision for moment at that 
section, loading (6) of Fig. 30 should apply. 

(a) Walls Continuous with Base. — ^The moment at tlu^ base (Fig. 30a) is 


i 




*p~ 





r 






(a) (b) 

Fia. ;30. 


M = 0.0667 
W = 0.0298 
Y = OAwh^ 
y = 0.553 h 

(6) When the Base is Separab^d by a Joint or by Cracking (Fig. 30?;). — 


M' = 0.0642 
V = 0.333 wh^ 
y = 0.423 h 

In the above formulas, w is the weight per cubic foot of the liquid, and h 
is the height of the tank in feet. All moments are in foot-pounds. 

21. Construction Details of Standpipes and Tanks. — Piping for standpipes 
and tanks must be so placed that they will not interfere witli the movement of 
the structure as it takes its load. They should bo protected from freezing, 
where necessary. 

Covers lessen the chance of ice formation. In extremely cold climates pro- 
vision must be made for ice formation and expansion, or it must be prevented. 

Thin walls are more difficult to cast than thick walls. On the other hand, 
seepage is less likely to occur with thick walls. 

Hoop splicing should be staggered, and where possible should be effected 
mechanically rather than by lapping. 

Figure 31 shows a large tank with a sliding base. This feature was patented 
by Wm. Meuser. It is claimed that there is small lateral restramt of the sides 



I''iu. .'{1. — .St:vndi)oiiit at Fulton, N. Y., having disronnertod hasc* nnil flexible seal 



Fio. 32. — Low standpipe at Ponetanguishcno, Ont. 
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at the base, thus eliminating the secondary stresses otherwise caused by such 
restraint. The joint must be so constructed as to olTcr small frictional resistance. 

Figure 32 shows the details of a low standpipe at Penetanguishene, Ont. 
Its capacity is 300,000 gal. The wall is thicker than required for strength, to 
prevent the formation of a heavy ice crust. The connection between wall and 
bottom was analyzed for restraint by an a])plication of Grashof’s theory. 



Figure 33 shows the details of a small stiindpi])c of 14}^ ft. inside diameter 
and 40 ft. high, built at Merrimack, N. 11. The standpipe has a capacity of 
60,000 gal. The concrete was poured in one continuous operation which lasted 

39 H hr. 

CULVERTS 
By S. C. Hollister 

A culvert is a conduit constructed through embankments, for the purpose of 
conducting small streams or surface water. Culverts may range in size from 
sectional pipe up to structures which are in themselves practically small bridges. 
Culverts having spans in excess of 25 to 30 ft. are usually considered as bridges. 

The form of culvert depends upon the available clearance, the load to be 
carried, the nature of the foundation, and general appearance desired. 
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22. Waterway Required. — The waterway required in the culvert depends 
entirely upon the conditions existing at its location. The culvert must neces- 
sarily dispose of the accumulated run-off on the upstream side of the embankment, 
and, except under very unusual flood conditions, should not depend upon accumu- 
lated head in order successfully to pass the water. The run-off for the particular 
location should be ascertained in order to determine the desired waterway and 
cross-section. 

23. Direction Through Embankment. — If a culvert is intended to carry flood 
water only, its direction through the embankment is not especially essential. It 
should, liowevcr, be placed' at a position of maximum drainage of the area on the 
upstream side of the embankment and should have a fall along the floor of the 
barrel approximating the general lay of the ground at that point. 

If the culvert is to conduct a str(^am, or is located on a stream bed, it should 
take the general din'ction througli the embankment that was originally taken by 
the stream. Both upj)er and lower ends should have an elevation similar to the 
original bed in order to i)revent collection of waste. 

24. Design of Upstream End.— The upstream end of the culvert barrel must 
receive careful treatment as to design. If the barrel is small, a wall extemdingboth 
ways at right angles to the barrel, or parallel to the axis of the roadway, will serve 
as a protection to the embankment surrounding the barrel. It is essemtial, 
especially when building on an old stream bed, that a toe-wall be projected down- 
ward from the floor of the barrel suflicicmt to i)rcvent undercutting or scouring. 
In the design of large culverts, obliciue wingwalls arc substituted for th(‘ siiniflc type 
described above. The tofj of these wingwalls conforms to the slope of the embank- 
ment. A toe-wall, similar to that described above, should pn)ject downward 
below' the barrel floor. If desired, the space between the wingwalls may be 
floored over, in which event the toe-wall should be located at the upstream edge of 
such floor. The wingwalls arc usually designed as retaining walls carrying the 
thrust of the embankment w'hich they sustain. Their footings should be so 
proportioned as to produce a uniform soil ju’cssure over the whole length of the 
wing, thus preventing a common and serious breaking aw^ay of the wingwall from 
the main structure and giving opportunity for the beginning of progressive 
seepage along the outside of the barrel. 

26. Design of Downstream End. — The downstream end of the barrel, likewise, 
should be provided with wingwalls to protect the embankment, and the space 
between these w^alls should be floored over to carry the water well over the 
embankment line before being discharged from the floor. Care should be taken 
to avoid back-eddies when designing the apron, or floor, of the downstream end. 

26. Pipe Culverts. — Reinforced concrete culvert pipe in pre-cast units is used 
in sizes from 15-in. diameter uj) to about 6-ft. diameter. The length of these units 
varies from 4 to 8 ft., depending upon the diameter. The sections are usually of 
the bell-and-spigot type. 

Two systems of reinforcement are employed. One consists of two concentric 
rings of reinforcement, one near the inner face and the other near the outer face 
of the pipe. The other consists of a single ring of reinforcement so placed that it 
is near the inside face at the ends of a vertical diameter, and near the outside 
face at the ends of a horizontal diameter. In the latter system it is necessary, of 
course, to be certain that the pipe will be installed in the proper position because of 
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the existence of the single line of reinforcement. The amount of reinforcement 
depends upon the load or embankment to be carried by the pipe. 

26a. Strength of Pipe. — A theoretical analysis of the stresses of thin 
clastic rings will suffice as the basis of design of the cross-section of reinforced 
concrete pipe. For convenience, the vertical pressure of the earth is assumed to 
act over a horizontal projection and no account is taken to the advance in depth 
of earth from the ground to the half height. 

Analysis made for the following three cases of loading was carried on by the 
general method employed for arches and the values given are the bending mom- 
ents at the ends of horizontal diameters and require reinforcement placed near 
the outer face of the pipe. The diameter of the pipe to the center of the shell is 
called d. 

Case I 

For single concentrated load on vertical axis top and bottom: 


M = O.OOlPd 

Case II 

Uniformly distributed load over entire horizontal projection, top and 
bottom: 

M = 0.0625IFd 

Case III 

Uniformly distributed load over the top fourth of the circumference, 
the pipe being supported on the bottom earth: 


M = 0.077Tfd 


The bending moments at the ends of the vertical diameters, under the above 
three conditions of loading, arc : 

Case I = 0.159Pa 
Case II = 0.0G25IFd 
Case III = 0.0845TFd 

Reinforcement for these moments should be located near the interior face of the 
pipe at both top and bottom. 

The above bending moments will be reduced by the action of lateral pressure. 
It would be seen from the above formulas that if the lateral pressure exactly 
equalled the vertical pressure for uniformly distributed loads, the bending 
moment at all points in the ring would equal zero. Lateral pressure, however, is 
very difficult ta maintain and in order to be effective, it would be necessary that 
such lateral resistance be offered that the concrete ring could not expand along its 
horizontal diameter the very small amount that would take place under the 
vertical loading. Since it is not practical to expect such lateral rigidity of the 
embankment, it is safest to neglect lateral strength.^ 

266. Circular Culverts Cast in Place. — Culverts of circular sections 
cast in place usually are cast with a flat outside bottom, a circular outside face at 
the top, and with a circular opening. It is preferable that they be reinforced 
in order to prevent their being cracked through settlement of the embankment. 
Collapsible core forms may be used, and by their use this form of culvert may be 
constructed very economically. 

> For tests which agree closely with mathematical analysis, see BuUetin 22, Engineering Experiment 
Station, University of Hlinois, by Prof. A. N. Talbot. 
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27. Box Culverts. — Culverts having a box-shaped or rectangular cross-section 
are common, because of simple formwork, and hence less cost of construction. A 
full distribution of load over the foundation is possible with this form of cross- 
section, making it suitable for construction on earth foundations. Where clear- 
ance is restricted, this form gives maximum waterway for a given width of 
opening. In cases where the height of opening desired is small in comparison 
with the width, partitions may be used to subdivide the roof and floor into two 
or more spans. 




.'{4. Sin^h* Im>x culvert, (\ M. & St. P. Ry. 

27«. Forms of Box Culverts. — Two forms of box culverts are 
common, the closed-box and the open-box. The first contains a concrete floor 
built as part of the structure, and the second does not. Since the wall footings 
of the open type arc rcciuired to carry the culvert and its load, it is essential that 
rigid foundations be available. Proper protection against scour is also necessary. 
The floor of the enclosed-box type, on the other hand, is available for footings — 
hence, the desirability of this type when building on earth or other material 
not capable of supporting heavy load. 

276. Loading. — ^Thc loading on a culvert consists of the embank- 
ment and pavement or track, which together may be called the dead load; and 
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the traflic or Jive load 'wJiich passes over the culvert. Impact may be con- 
sidered as an augment to the live load. 
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Ficj. .S5.— Details of box cnlvort on lines of Eastern- Texas Traction Co. 
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Fia. 30. — Double 0 X C-ft. culvert, A. T. <& S. Fe. Ry. system. 


The extent to which the embankment directly above the culvert is actually 
being carried by the roof slab is dependent upon many factors. It is quite 
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common to construct the culvert as a part of new construction; and in such 
instances the newly placed embankment acts over the roof slab for the full 
depth of the fill. If the culvert is placed in a trench through a previously exist- 
ing embankment, it is plain that a considerable part of the back-fill, if deep, will 
be carried through arching, by the sides of the trench. However, the great 
danger in assuming arch action lies in the fact that very few embankments are 
not subject to vibratory live loads, such as trains or trucks; and where such 
vibrations exist, there is a tendency to destroy cohesion and likewise arch action. 
Curi'ent practice, therefore, employs as a dead load the full weight of embank- 
ment including track or pavement directly over the roof slab, for fills of a depth 
over the roof equal to the roof span. Some railroads assume a percentage of 
this full weight when the depth of embankment exceeds some arbitrarily fixed 
depth. A safe rule would be, in the case of earth possessing cohesive properties, 
to include that volume of earth lying over the roof slab between two upward 
sloping lines inclined toward each other and having a pitch of K horizontal tol 
vertical. Thus, fills of such material having a depth over the roof slab greater 
than twice the roof width would be considered to exert no more pressure than 
one just equal to twice the roof width, since in either case the two sloping lines 
just intersect. This reduction should not be practiced in the case of iion-cohe- 
sive fills, such as sand. 

The live load, or pressure of trucks or trains transmitted to the fill through 
the roadw^ay, is spread over an area increasing with the depth below the roadway. 
The spread transversely to the direction of the roadway is usually taken as a 
uniform distribution over a width contained between lines sloping downward 
and outward at a pitch of H horizontal to 1 vertical. In the direction of the 
roadway the live load may be assumed over the area immediately over the 
volume of earth assumed as dead load. Thus, if the fill is a cohesive material, 
and its depth is equal to, or greater than, twice the width of culvert roof, no 
live load need be considered. 

Impact is considered as a percentage increase of the live load. In railroad 
structures, it is common to figure impact at 50 per cent on all fills up to 40 ft. 
deep. Some dijsigncrs use 100 per cent on fills of 2 ft. or less; 75 per cent on 
fills 2 to 4 ft. deep; and 50 per cent on fills over 4 ft. 

Lateral pressure on the sides of culverts is commonly taken as a fluid pressure 
of 30 lb. per sq. ft., or about one-fourth the weight of earth. To this must be 
added 25 per cent of the livc-kiad pressure used on the roof design. 

27c, Design of Cross-section. — Closed-box culverts may be designed 
as being made up of simple-span slabs resting or bearing against one another, 
or they may be designed as monolithic and acting as a closed frame. Open-box 
types'arc subject to the same two treatments, due account being taken of the lateral 
thrust on the wall footings, by using cross-struts at suitable intervals. Whether 
so designed or not, box culverts will tend to act as continuous frames, forming 
cracks at corners — which may be on critical shear planes — unless the continuity 
is provided for by proper reinforcement. Detailed analysis is not justified 
unless the section is large and material saving may be gained thereby. 

The following analysis covers the usual cases of loading of the culvert. The 
equations for moment may be computed for the separate cases of loading and 
then combined to give the total effect of the loading conditions assumed. 
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It will be noted that the equations for moment at the corners of frames 
result in a percentage of the moment that would occur at the same end of the 
loaded member if the loaded member were a fixed beam. Likewise it should 
be noted that since the corners do not offer perfect fixity at the ends of the 
loaded member, the positive moment is increased by the amount of decrease 
at the ends. 

The following notation will be used: 

I = span of frame. 

h = height of frame. 

11 = moment of inc^rtia of toi) or bottom slab (assumed alike) for 1-ft. 

length of barrel (in.^). 

1 2 — moment of inertia of either side wall (assumed alike) for 1-ft. length 

of barrel (in.^). 

K, = ^^'(12 X ill.”). 

Ki = -^^(12 X in.’). 

w = uniform load per unit area of top or bottom slab (lb. per sq. ft.). 

p — uniform lateral pressures per unit area of side wall (lb. per sq. ft.). 

J* = concentrated load (lb.). 

M = moment, subscript denoting location (ft.-lb.). 


TYPE A 
Case 1 
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Load Diagram 


Moment Diagram 
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Case 3 
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J.oad Diagram Moment Diagram 

Note: — Area, nhea oti moment diagram is moment diagram I'or simple bt'arn 
of lengtli h and loaded identically as AC, laid off from line ab. 

TYPE B 
Case 1 
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Note: — See note under tyi)c A, Case 3. 
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Note: — Sec note under Type A, Case 3. 
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21d. Construction Details. — Construction of a box culvert begins 
with casting the floor slab or footings. A keyway in the concrete should be 
provided into which the side walls arc cast, to give* proper bearing for the walls 



Fig. 37.- Standard design for 10-ft. arch culvert, Stale of Missf>uri Highway Dci>artmont 
(Actual dimensions and shape of foundations govenu'd l>y conditions of soil at location 

of site.) 


to prevent tlie lateral earth pressure from forcing the walls inward. Dowel rods 
adequate for rc'sisting the corner moments should placc'd bc^forc casting the 
base. A keyway similar to that in the bottom should b(5 provided in the 



Fio. 38. — Standard arch culvert for fills up to 40 ft. high, C. M. & St. P. Ry. 


roof slab to resist movement of the side walls at the top. Reinforcement foi 
the upper corners should be placed before the walls are completed. Brackets 
extending at least 6 in. along each member should be used at all corners. 
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28. Arch Culverts. — Where the foundations permit and where the embankment 
is exceedingly heavy, or where artistic treatment is desired, the arch form of 
culvert is superior to all other types. The general considerations as to water- 
way and design of both ends of the barrel arc the same as for other forms of cul- 
verts. The design of the cross-section is the same as that for an arch of the 
same span. 

If the foundation is doubtful, a footing slab should be used which also forms 
the invert or floor of the barrel. Suitable keyways should be formed into 
which the springing of the arch is then cast. The footing slab should be rein- 
forced, if necessary, to distribute the pressure properly. The arch may be 



Section of Barrel 

Fig. 39.- -Double-barrel eulvort, D. L. & W. R. R. 


reinforced, depending on the results of the analysis. The construction of the 
arch would follow the methods en ployed for arch bridges. 

If good foundations are available, no special treatment of the barrel need be 
made. If the foundations are poor, the central portion of the barrel will.be 
deflected downward. To resist this bending it is necessary to design the barrel 
as a box girder, with longitudinal steel in the bottom slab. The loading is not 
accurately determinable, and must be approximated. The bending tendency is 
due to the increase in loading from the ends toward the center; and bending takes 
place until the resistance offered by the foundation offsets further tendency to 
deflection of the barrel. 

A minimum of 0.4 per cent of reinforcement should be placed longitudinally 
in sides, roof and floor, to offset shrinkage. 
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CONDUITS AND SEWERS 
By S. C. Hollister 

Conduits usually include pipe lines carrying internal pressure, with or without 
external pressure. Sewers, like culverts, should not carry hydraulic pressure and 
hence are designed to sui)port external load only. 

29. Stresses Due to Internal Pressure.^ — If tlu; internal pressure on a pipe be 
P lb. per sq. in., then the total tension at any longitudinal section through one 
side of the pipe for a 1-in. length of pipe is PR. This is resisted by the stress in 
the steel; whence 

= Ptf. = Pit 
PR 

a. 

Steel stresses have been used from 8,000 lb. to 16,000 lb. per sq. in. with good 
results in all cases. If the pip(i is carefully made from rich mixtures, pressures 
up to 100 lb. per sq. in . can be accommodated easily. Steel fabric or deformed bars 
are more suitable than plain bars for reinforcing, since they distribute the stresses 
more evenly.' 



SO. External Earth Pressures on Circular Pipe. — External earth pressure on 
pipes has been treated in Art. 26a. 

31. Comparative Estimates of Cost of Various Kinds of Pipe. — Comparative 
estimates of cost of wood-stave, concrete and cast-iron pipe is to be found in 
El^ineering News^Record, VoL 85, p. 309 (August 12, 1920). 

82. Large Conduits and Sewers Not Circular. — For hydraulic reasons the 
cross-sections of sew;ers are seldom circular. The crossHsection is divided into two 
> Sea Prccendinga Amerloan Gonorete Institute, 1923 for further dieeusBion of the design of oonerete 
presiuio pipe. 
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parts — namely, the invert, or floor of the barrel, and the arch, or walls and roof. 
A discussion of various forms of invert and arch may be found in Metcalf and 
Eddy^s “American Sewerage Products,’* Vol. I, Chap. XI. 

When the sewer rests directly upon rock, the invert simply becomes a pave- 
ment and the arch may be designed as an arch bridge resting upon rock, the ends 
being considered to be fixed. 

When the sewer rests upon yielding material, the arch and invert must be 
monolithic. The analysis is made as for an arch except that the invert is assumed 
to be split longitudinally on its center line, and each end of the severed portion 

considered a fixed end. The arch 
then forms a complete lap with 
fixity at center of the invert. 
After the loads or shears are 
determined around the section, 
analysis may proceed as for any 
arch. 

It will be found that the 
critical sections for moment are 
at the crown, the center of the 
invert, and along the junction of 
the invert with the side wall. 
The critical section for shear is 
usually near the junction of the 
invert with the side wall. Re- 
ferring to Fig. 40, two analyses 
liave been made. The first is for 
a case where the structure rests 
upon unyielding supports making virtually a fixed arch of the roof and walls. The 
pressure line or equilibrium ])olygon for this case will be seen to lie within the 
section of side wall and roof. 

The second case provides for yielding supports, which call into play forces 
Pie to Pie inclusive. The thrusts will be seen to lie outside of the cross-section 
of the barrel at nearly all jKiints, thus introducing moments throughout nearly 
all points along the ring. 

It will be seen from a study of the force diagram at the right of Fig. 40, high 
shears arc to be expected in the outer third of the invert span. If unit 16 of the 
arch ring were subdivided, it is clear that a high shear would be found in the 
invert near the inner face of the side wall. The cross-section in Fig. 41 shows the 
disposition of the steel to accommodate such shear. It will be noted that since 
the load on the invert is upward it is necessary to incline the shear reinforcement 
upward toward the center. 

Conduits and sewers should have a minimum longitudinal reinforcement along 
the barrel of about 0.4 of one per cent. Additional longitudinal reinforcement 
should be added if for any reason flexural stressesmay beset up through the action 
of the barrel as a hollow beam. 




SECTION 10 


CHIMNEYS 

By H. E. Pulver 


DRAFT AND SIZE OF CHIMNEY 

Before designing a large chimney the proper height and diameter must be 
selected. The height must be such as will give the required draft and the cross- 
sectional area must be large enough to permit the passage of the burnt gases. 

The draft depends on the height of chimney, the temperature of the gases, the 
altitude or elevation of the chimney above sea level, the nature of the fuel, the 
furnace, and the flues between the furnace and the chimney. The cross-sectional 
area required depends on the kind and quantity of fuel to be burned, the draft 
available, and the friction losses in the chimney. 

It is obviously impractical to produce any single formula for determining 
chimney sizes which will satisfactorily take all of the various factors into con- 
sideration and, consequently, the formulas used in selecting stack sizes are 
largely empirical. 

1. Theoretical Draft. — Draft may be defined as the difference in pressure 
available for j)roducing a flow of gases. If the gases in a chimney are heated, 
they will expand and occupy a larger volume than before and their weight per 
cubic foot will be less. Consequently, the unit pressure at the bottom of a 
chimney due to th(5 column of heated gases will be less than the unit pressure 
exerted by a column of cold air outside the chimney. The difference between 
these two pressures will cause a flow of the gases up the stack. This flow will be 
continuous as long as the furnace is in operation. 

The intensity of draft is usually measured in inches of water instead of pounds 
per square inch or pounds per square foot. The pressure of an inch of water is 
equal to a pressure of 5.193 lb. per sq. ft. assuming water to Weigh 62.32 lb. 
per cu. ft. 

Making no allowance for the difference in density between the air and the flue 
gases, and assuming the atmospheric pressure as 14.7 lb. per sq. in. and the average 
atmospheric temperature as 60 deg. F., the following formula may be used for find- 
ing the intensity of the draft. 

D = KH 

where 

D = theoretical draft in inches of water. 

H = height of chimney above grates in feet. 

K = & factor which will vary according to the temperature of the gases in 
the chimney. 

The following table gives the values of K for different temperatures of the 
chimney gases: 
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Table 1 


Tbmferatuke of Chimney 

Gases (Deo. Fahr.) 

Values of K 

356 

0.0053 

400 

0.0058 

450 

o:oo63 

500 

0.0067 

550 

0.0071 

600 

0.0075 

650 

0.0078 

700 

0.0081 

750 

0.0084 


2. Draft Losses.— In tli(3 ordinary i)owor plant there are various draft losses 
due to leakage of air and to the resistance's offered to the; ])assage of the gases 
by the furnace, boiler, flues, and the interior of tluj chimney. 

The loss due to leakage of air around boiler sections, flue joints, etc., is often 
considerable and difficult to estimate. Care should be taken to make and keep 
all joints as air tight as practical. 

The draft loss in the furnace will usually vary from about 0.15 to 1.00 in. 
of water, depending on the kind and size of coal used and the amount burned 
per hour on each square foot of grate surface. 

The draft loss caused by the boiler heating surfaces will vary largely accord- 
ing to the design of the boiler and the percentage of its capacity at which it is 
being operated. This loss will usually vary from about 0.25 to 1.00 in. of water 
and is usually less in good Babcock and Wil(;ox and good horizontal return 
tubular boilers than in Stirling and vertical tubular boilers. 

The use of economizers in connection with boilers will cause a reduction of 
about 75 deg. F. or more in the flue gas temperatures. The loss of draft through 
the economizers will amount to about 0.3 in. of water. The installation 
of economizers frequently rec^uircs the use of a fan for increasing the draft. 

The draft losses in round ste(*l flues, having ample cross-sectional areas, 
is approximately 0.1 in. of water for each 100 ft. of flue length. Losses in 
square and rectangular flues arc about 12 per cent more than for round flues. 
A loss of about 0.05 in, of water should be allowed for each right-angled turn 
between the boiler and the chimney. These figures should be doubled for 
brick or concrete flues. In designing flues, a cross-sectional area of about 35 
sq. ft. should be provided for each 1,000 rated boiler hp. 

Draft losses in chimneys due to friction may be computed by the following 
formula : 

, fW^CH 


where 

d = loss of draft in inches of water. 

W = weight of gases in pounds passing per second. 

C = circumference of chimney in feet. 

H = height of chimney in feet. 

A = area of passage in chimney in square feet. 

/ = a sea level value depending on the temperature of the gases and the 
interior surface of the chinmey, as given by the following table: 
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/ 

Taj^e 2 

Tjsmpkk.vtijuk ok Gaheh 
(Deq. Faiiu.) 

Interior Surface o 
Chimney 

0.0011 

350 

steel 

0.0015 

600 

steel 

0.0015 

350 

brick 

0.0020 

GOO 

brick 


Tho available draft Di in a chimney is equal to the theoretical draft D minus the 
frictional loss d. Expressed as a formula and substituting values for D and d: 


Di = D - d = KIl 


fWHm 

A 


3. Formulas for Height and Diameter of Chimneys. — From the formula for 
the available draft given in the preceding article, it is evident that the available 
draft depends on the diameter of the chimney as well as on the height. Hence, 
various combinations of heights and diameters could be schicted which would 
give the same n'sults. However, in studying the relation of costs to heights and 
diameters, it has l)een found that the chimney of ininimiim cost will usually have 
a diameter dep(*nd(*nt on the boihn* horsepowt^r served and a height dependent 
on the available draft reejuired. 

Assuming 120 lb. of line gas per hr. per boiler hp., which is the same as a 
consumption of 5 lb. of coal per hp. })cr hr. allowing 24 lb. of gas for 1 
lb. of coal, and which provides for ordinary overload and the use of poor coal, 
this method gives the following formulas for sea-level conditions: 

For a stack lined with masonry 

Diameter in inches = 4.92 X (hp.)^^ 

where 

hp. = th(^ ratcnl horsepower of the connected boilers. 

The following table shows the diameters required for masonry lined stacks 
for boilers of various ratings when constructed at sea level. 


Tahlk 3 


Hated boiler 

Diameter ef 

Hatetl boiler 

Diameter of 

h()rsei)ow(;r 

chiniTiev (in.) 

horsepower 

chimney (in.) 

20 

13 

1,200 

84 

40 

20 

1,100 

90 

60 

24 

1,600 

95 

80 

28 1 

1,800 

99 

100 

30 ! 

1 

2,000 

103 

150 

36 i 

2,200 

107 

200 

40 1 

2,400 

111 

300 

48 i 

2,600 

115 

400 

53 

2,800 

119 

500 

58 

3,000 

122 

600 

63 

3,200 

125 

700 

67 

3,400 

128 

800 

71 

3,600 

131 

900 

75 

3,800 

134 

‘ 1,000 

78 

4,000 

137 
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The diameters given by the formula and in Table 3 are those required for 
chimneys built at sea level. The diameter required at sea level must be increased 
for a chimney constructed at a higher altitude as explained in a following article. 

When a large chimney serves a number of boilers equipped with mechanical 
stokers, the area calculated by the formula should be increased about one-third 
to allow for leakage of air through the settings of idle boilers and for irregular 
operating conditions. 

Masonry-lined chimneys, whose diameters are found by the above formula, 
will give an available draft which bears a constant ratio to the theoretical draft. 
This ratio, allowing for the cooling of the gases in their passage up the chimney, 
is about 0.80, or 

Di = 0.80 KJI 

Solving for II 

II = 1.25 

where 

II = required height of chimney at sea level in f(^ct above level of grates. 
Di = available draft required in inches of water. 

K = the value given in Table 1 and in the formula 
D = KH in Art. 1. 

The required height of chimney found by this formula must be increased 
for a chimney constructed at a higher altitude as exjdained in the following article 
on Correction of Chimney Sizes for Altitude. 

These two formulas for tlni diameter and height of masonry-lined chimneys 
required at sea level are the ones used by the Babcock and Wilcox Company. 

This company states that a convenient rule for large chimneys, 200 ft. high 
or over, is to provide 30 sq. ft. of cross-sectional area per 1,000 rated boiler hp. 
Kent's formula for chimney sizes is: 

hp. = 3.33(A - 

when 

hp, = rated boiler horsepower based on a coal consumption of 5 lb. 
per hr. per rated boiler hp. 

A = area of chimney in square feet. 

H = height of chimney in feet. 

A — O.GA^^ = effective area of chimney assuming that the frictional resistance 
in the chimney is equivalent to a layer of gas 2 in. thick around 
the inside circumference. 

The Babcock' and Wilcox Company strongly recommend that the chimney 
sizes given by Kent's formula be increased from 25 to 60 per cent for the low- 
grade bituminous coals of the Middle or Western states depending on the nature 
of the coal and the capacity desired. 

Christie's formula for chimney sizes is: 

hp. = 3.25AVF 

where 

hp. = rated boiler horsepower based on 4 lb. of coal bui'ned per horse- 
power per hour. 

A Bt cross-sectional area of chimney in square feet. 

H = height of chimney in feet. 
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The M. W. Kellogg Company recommend that, for the Middle states and West- 
ern bituminous coal, the height as determined by Christie's formula be unchanged 
and that the areas be increased 25 per cent. Temperatures, flues, type of boilers, 
economizers, and other accessories may have a great influence on the proper size. 

4. Correction of Chimney Sizes for Altitude. — ^As the altitude increases, the 
density or weight per unit volume of the air decreases. Consequently, as a 
certain weight of air for combustion is required per boiler horsepower, a larger 
volume of air will be required to produce the same results at higher altitudes 
than at sea level. If the areas of the boiler grates and flues are not changed, then 
the air at higher altitudes must pass through these grates and flues at a greater 
velocity in order to obtain the increase in volume required. This means that 
the draft must be greater than at sea level and, consequently, the chimney must 
be increased in height to obtain this increase in draft. For any given boiler 
horsejiower and constant weight of gases, the mean velocity of the gases will 
be inversely proportional to the barometric pressure and the velocity head (or 
pressure), measured in column of external air, will be inversely proportional to 
the S(iuare of the barometric pressure. That means that the height at sea level 
must be multiplied by the square of the ratio of the barometer reading at sea 
level to that at the altitude given. 

Frequently in designing a boiler for higher altitudes, the assumption is made 
that a certain fuel will require the same draft (measured in inches of water at 
the boiler damper) as at sea level. This means that the chimney height at sea 
level must be multiplied by the ratio of the barometer reading at sea level to 
that at the given altitude, and not according to the square of this ratio, in order 
to obtain the height necessary to give the required draft. 

The Babcock and Wilcox Company says that the correct height probably 
falls between the values given by these two theories, as the flues are usually made 
larger for the boilers to be used in higher altitudes. Further, that in making 
capacity tests with coal fuel, no difference has been noted in the rates of combus- 
tion for a given draft suction, measured by a water column, at high and low 
altitudes. This indicates that the height of chimney at sea level should be multi- 
plied by the direct ratio rather than the square of the ratio. Also if the direct 
ratio is used, the difference in capacity would not be more than 10 per cent at 
an altitude of 10,000 ft., assuming that the correct height lies between the values 
found by the two theories. 

If the height of a chimney is increased, the friction loss in the chimney is 
increased by this added height. Consequently the diameter of the chimney must 
be increased to offset this added friction loss. This increase in diameter, in 
order to keep the total friction loss the same, is inversely as the tw'o-fifths power 
of the barometric pressure. Hence, the diameter at sea level should be multiplied 
by the two-fifths power of the ratio of the sea level barometer reading to that 
at the given altitude. 

The following table gives the altitude correction factors for chimney capa- 
cities. It is seen that altitude affects the height more than the diameter and 
that practically no increases in diameter are needed for altitudes less than about 
3,000 ft. For very high altitudes, the increase in chimney height would increase 
the cost very greatly as well as making the proportions of height to diameter 
impractical. In such cases it is better to increase the grate areas so that the 
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required rate of combustion and the accompanying required draft will be lessened 
60 that a shorter chimney will be satisfactory. 

Table 4. — Altitude Correction Factors rOR Ciiimneys 


Altitude in feet 
above sea level 

Normal 

barometer 

1 

R 

(Ry 

Height 

factor 

(R)^ 

Diameter 

factor 

0 

30.00 

1.000 

1.000 

1.000 

1,000 

28.88 

1.039 

1.079 

1.015 

2,000 

27.80 

1.079 

1.164 

1.030 

3,000 

26.76 

1.121 

1.257 

1.047 

4,000 

25.76 

1.165 

1.356 

1.063 

5,000 

24.79 

1.210 

1.464 

1.079 

6,000 

23.87 

1.257 

1.580 

1.096 

7,000 

j 22.97 

1.306 

1.706 

1 1.113 

8,000 

22.11 

1.357 

1.841 

1 . 130 

9,000 

! 21.28 

1.410 

1 . 988 

1.147 

10,000 

20.49 

1.464 

2.144 

1.165 


Sea level barometer rea ding 
Altitude barometer reading 

To obtain correct height of chimney at any altitude, multiply height at sea level 
by height factor, R^, for the altitude selected. 

To obtain correct diameter of chimney at any altitude, multiply diameter at sea 
level by diameter factor, (7?)^, for the altitude selected. 


Illustrative Problem. — Determine the proper height and diameter of a brick chimney to 
serve Babcock and Wilcox boilers rated at 2,000 hp. under the following conditions: 

Boilers to operate at 50 per cent overload. 

Altitude = 1,500 ft. above sea level. 

Atmospheric temperature = 60 deg. F. 

Flue gas temperature = 500 deg. F. 

Grate surface = 400 sq. ft. 

Combustion rate = 35 lb. per hr. per stp ft. of grate surface. 

Length of flues = 150 ft. with two right-angled turns. 

Kind of flues = round steel. 

Kind of coal = Illinois bituminous. 

The available draft reciuircd at the base of the stack will equal the sum of the draft 
losses in the furnace, boiler, and flues. 

Draft required it furnace for combustion of this coal at this rate 
Boiler losses at 50 per cent overload 

Blue losses = (0.‘l0)(||^) + (2)(0.05) 

Available draft required — Di 
Di 

Substituting in formula H = q ^ 

{K = 0.0067 for 500 deg. F.— See Table 1) 

^ “ (O.SXO.OOW) “ 

Altitude correction factor for height for an altitude of 1,500 ft. is 1.122 by interpolation 
in Table 4. 

Required height = (1.122) (196) « 220 ft. 

Required diameter of a brick chimney to serve boilers of 2,000 rated boiler hp. is 103 
^ in. from Table 3. 


= 0.40 in. 
== 0.40 in. 

= 0.25 in. 
*= 1.05 in. 




Sec. 10-51 CHIMNEYS 697 

Altitudo correction factor for diameter for an altitude of 1,500 ft. is 1.023 by interpola- 
tion in Table 4. 

Required diameter = (1.023) (103) = 105 in. 

5. Chimneys for Oil Fuels. — The requirements for chimney sizes when oil fuel 
is used are quite different than when coal is burned, because some of the boiler 
losses are eliminated and the volume and temperature of the gas entering the 
chimney is less than with coal. This means that the cross-sectional area required 
for oil fuel is much less than that required for coal, as the volume of gas in the case 
of oil may be taken as approximately GO per cent of that for coal. Also, as the 
draft requirements are less, the lieight of chimney required for oil fuel is less than 
that for coal. 

In designing chiinncj^s for oil fuel, care must be taken not to have an excess 
of draft as the admission of too much air reduces the efficiency fairly rapidly. If 
the stack is too high, some form of automatic control will give better results than 
ordinary hand control. This is especially true in the case of varying loads. Too 
little draft is also bad bo(;aus(i if the draft is not enough to carry off the hot 
burnt gases, the action of the heat on the brickwork of the furnace will be very 
injurious. Consequently, great care should be used in designing chimneys where 
oil fuel is to be used. 

Tlie following table is taken from one calculated by C. R. Weymouth from 
actual test data. This table will ordinarily give satisfactory results. 

Table 5. — Chimney Sizes for Oil Fuel 


Height in feet above boiler room floor 


Diameter 

(in.) 80 90 100 120 140 160 


Nominal rated hour power 


33 

161 

206 

233 

270 

306 

315 

36 

208 

253 

295 

331 

363 

387 

39 

251 

303 

343 

399 

488 

467 

42 

295 

359 

403 

474 

521 

567 

48 

399 

486 

551 

645 

713 

760 

64 ' 

519 

634 

720 

847 

933 

1,000 

60 

667 

800 

913 

1,073 

1,193 

1,280 

66 

813 

993 

1,133 

1,333 

1,480 

1,593 

72 

980 

1,206 

1,373 

1,620 

1,807 

1,940 

84 

1,373 

1,687 

1,933 

2,293 

2,560 

2,767 

96 

1,833 

2,260 

2,687 

3,087 

3,453 

3,740 

108 

2,367 

2,920 

3,347 

4,000 

4,483 

4,867 

120 

1 

3,060 

3,660 

4,207 

6,040 

5,660 

6,160 


Sizes given are good for 50 per cent overloads. 

Sizes are based on centrally located chimneys with short direct flues and ordinary 
operating efficiencies. 
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6. Chimneys for Blast Furnace Gas. — Chimneys for blast furnace gas 
should be about the same diameter as those used for coal, as the slight increase 
in volume of gas is offset by the higher temperatures. A height of 130 ft. will pro- 
duce a draft sufficient to care for 175 per cent of the boiler^s rated capacity. Too 
much draft may result in improper mixtures of gas and air which may cause a 
pulsating action of the flame or, perhaps, explosions. 

GENERAL CONSIDERATIONS IN CHIMNEY DESIGN 

Largo masonry chimneys are usually constructed cither of brick or reinforced 
concrete, though some have been built of hollow clay tile filled with concrete and 
reinforced with steel rods. The brick may be of ordinary or of special types. 
For tall chimneys, radial brick are to be preferred to common brick as they 
permit the radial joints to be of the same thickness and, as they are larger 
than ordinary brick, they reduce the number of required joints about one- 
third. Chimney walls of ordinary brick should not be designed to carry any 
tension while those constructed of radial brick may carry a small amount. 
Reinforced concrete and reinforc(id hollow clay tik? and concrete chimney walls 
are usually designed to take tensional stresses, depending on the character and 
amount of reinforcement used. 

The shape of brick chimneys may be round, octagonal, or square, while 
reinforced concrete and clay tile chimneys are usually round. Square masonry 
chimneys are rarely ever built to great heights as they are seddom as economical 
as octagonal or round chimneys. Round chimmiys are often more economical 
than octagonal ones. Large masonry chimiKiys usually taper from the top to the 
bottom, and are not of constant diameter. The batter of th() walls usually is 
between Jso Ho- 

In many instances, especially in the case of brick chimneys, the chimney is 
composed of a foundation, base, and column instead of a foundation and column 
only. When a base is used in connection with a brick chimney, the most eco- 
nomical height of the base is about one-fifth or one-sixth of the chimney height. 
Some designers prefer to have the breech opening above the base and use the base 
for a support for the brcjcching, while other designers extend the base section 
about 3 ft. above the top of the breech opening. The base section is usually 
square or octagonal in section and its walls have no batter. 

Each chimney design should be treated as a separate problem and care and 
judgment should be used in selecting the proper type of chimney and in making 
the design. Various details of the design and construction of large chimneys are 
controlled by patents held by different companies who are usually very zealous in 
guarding against possible infringements. Most of these companies have had 
considerable experience and are reasonable in regard to foes charged and, con- 
sequently, it is frequently economical and advisable to make use of their services. 

7. Forces Acting on Chimney. — ^The main forces acting on large masonry 
chimneys are: the weights of the chimney, lining, and foundation ; the foundation 
reactions; the wind pressure; and the expansion and contraction in the chimney 
walls due to the heat of the gases. 

8. Wind Pressures. — It has been generally accepted that wind pressure 
increases directly with the square of the velocity and that wind pressures are 
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greater at higher than at lower elevations. In studying the wind pressure on a 
chimney, the following three things should be considered : (1) The wind velocities 
in the section of the country where the chimney is to be built, (2) whether the 
chimney will be located in a high exfiosed place or in a comparatively low and 
sheltered spot, and (3) the height of the chimney. 

The United States Weather Bureau has proposed the following formula for 
wind pressure: 

V = o.oai ^ V* 

where 

p = pressure in pounds per square foot on a flat surface. 

B = barometric pressure in inches. 

V = velocity of wind in miles per hour. 

For a barometric pressure of 30 in. the formula becomes 

p = 0.0040 (for sejuare chimneys) 

Considering that the wind pressure on the side of an octagon is about 70 
per cent of that on a side of a stjuare and that the wind pressure on the side of a 
circle is about 60 per cent of that on the side of the square, this formula may 
be reduced to: 

p = 0.0030 7* (for an octagonal chimney) 
p = 0.00257* (for a circular chimney) 

A projected area perpendicular to the direction of the wind is taken as the 
exposed surface in the case of a circular chimney, wliile a projected area at right 
angles to tw'o oi)posito sides is taken as the exposed surface in the case of a square 
or octagonal chimney. 

A wind velocity of 100 mi. per hr. is about the maximum in most locali- 
ties. This velocity will give a pressure of 25 lb. per sq. ft. on the projected area 
of a circular chimney, w^hich value is commonly used in the design of round chim- 
neys. In localities where the wind velocities sometimes exceed 100 mi. per 
hrs., and especially if the chimney is to be in a high exposed place, wind velocities 
of more than 100 mi. per hr. should be used in determining allowable wind 
pressures. Also, in sections of the country where the maximum wind velocities 
are rarely severe, a wind velocity of about 90 mi. per hr. has been satis- 
factorily assumed, giving a value of 20 lb. per sq. ft. in the case of a circular 
chimney. 

It has been found that wind velocities, and consequent wind pressures, 
increase with the distance above the earth ^s surface. Accordingly, it has been 
recommended that, in the design of high chimneys, the value found by the proper 
one of the preceding formulas be used for the first 300 ft. and that this value be 
increased about 2)-^ lb. per sq. ft. for each additional 100 ft. or fractional part. 
That is, if for a circular chimney 460 ft. high a wind pressure of 25 lb. per sq. ft. 
be used for the lower 300 ft., a pressure of 27 lb. per sq. ft. should be used 
from 300 ft. to 400 ft., and a pressure of 30 lb. per sq. ft. from 400 to 460 ft. 

9. Effect of Earthquake Shocks. — The usual effect of an earthquake shock is 
to cause the foundation to be moved quickly in a horizontal direction. The 
damaging effect is due to the rate of acceleration, the higher the acceleration tb.Q 
greater the effect. 
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J. G. Mingle, in his article on the “ Design of Reinforced Concrete Chimneys '' 
in the Proceedings of the American Concrete Institute, Vol. 14, p. 283, says that 
the earthquake acceleration may be taken from 7 to 9 ft. per sec. per sec. and that 
the force is applied instantaneously. In Japan, earthquake accelerations as 
high as 11 ft. per sec. per sec. have been noted. 

The maximum stresses in a cliimney will occur at a section about two-thirds 
the height of the chimney instead of at the base. If the chimney is considered as 
an inverted pendulum, this section would correspond to the center of percussion 
approximately. 

The force due to an earthquake shock is applied at the base of the chimney and 
is given by the formula : 

F. = W 

32.2 

where 

F, = forc(i in pounds due to the shock. 

32.2 = gravity acceleration in feet per sec. per sec. 

W — weight of the chimney in pounds above the horizontal section 
considered. 

A, = acceleration in feet per sec. per sec. due to the quake. 

The moment due to this force is given by the formula : 

M. = /<’,v = W-y 

where 

Mt = moment in inch-pounds. 

y = distance in inches of the center of gravity above the base of the 
chimney or above the section considered. For most chimneys, ij is 
a little less than half the height above the section. 

It seems impractical to try to reinforce brick chimneys against possible earth- 
quake shocks, though reinforced-concrete chimneys may be so reinforced. 

10. Lining. — ^IJning should be provided to protect the cliimney walls from the 
heat of the burnt gases. This lining should extend from a section at least 2 ft. 
below the flue opening to a section at a varying distance below the top of the 
chimney, depending on the temperature of the gases. For ordinary boiler plants 
where the temperature docs not exceed 800 deg. F., the lining should be about 
one-fifth the height, but not less than 20 or 30 ft. above the flue opening. For 
temperatures between 800 and 1,200 deg. F. the lining should be from one-half to 
two-thirds the chimney height. For temperatures between 1,200 and 2,000 deg. 
F., the lining should extend to the top of the chimney. The lining should be 
constructed independently of the shaft and should preferably rest directly on top 
of the footing. An air space of at least 2 in. should be left between the chimney 
inner wall and the lining, care being taken to keep this space free from mortar 
and dirt. When the lining does not extend to the top of the chimney, the 
chimney wall should be corbeled out about 2 in. above the top of the lining so 
as to prevent falling soot from collecting in the air space. Linings for masonry 
chimneys are nearly always constructed after the chimney shell is finished. 

The lining material is usually fire brick about in. thick, laid with a fire clay 
mortar. For the higher temperatures (above 2,000 deg. F.) a special high-grade 
radial cut firebrick should be used. A lining which is to be subjected to the 



Sec. 10-11] 


CHIMNEYS 


601 


action of a destructive flue gas (such as a gas from a smelter, or still, etc.) should 
be of a material which is resistant to this particular gas as well as to temperature. 

Some designers use a lining about in. thick no matter what the height of 
lining, while others, in chimneys lined for more than 150 ft., use a 4K“in. lining 
for the upper 150 ft. and a lining thickness of about 6M in. for the bottom 
part. In some instances special firebrick, which give a lining less than 4J4 in. 
thick, have been used. Some companies which specialize in reinforced concrete 
chimneys prefer a reinforced concrete lining for all ordinary purposes. 

11. Breech Opening. — Usually one breech opening is sufficient for a chimney, 
though it is sometimes necessary to have two or more openings. As a section 
through the brec(;h opening is usually the woakcjst portion of the chimney, the 
breech opening should be carefully designed so that the chimney will not be 
unduly weakened at this place. 

The area of the breech opening should be from 7 to 20 per cent more than the 
internal cross-sectional area at the top of the chimney. Whenever practical, 
the height of the breech opening should be from 1>2 to 2 times its width. 
The maximum width of the opening should pr(‘ferably not exceed two-thirds of the 
internal diameter for a round chimney. The opeming should be lined on the 
reveals with a good refractory material. 

In brick chimneys, the masonry above the breech opening should be supported 
by heavy I-beams resting on steel plates and with air spaces at each end to allow 
for expansion. A flat masonry arch should be constructed under the I-beams to 
prot(ict them from the flue gases. The breech opening should be reinforced 
laterally by heavy tie rods and plates over the top and at the bottom. Steel 
bands, about ^ by 3 in., should be placed in the masonry above and below 
the opening. Frequently the brickwork is buttressed out around the breech 
opening to compensate for the reduction in area caused by the opening. 

W^hen it is necessary to provide a breech opening in a brick chimney wider 
than that ordinarily permitted in a round chimney, a base should be provided to 
take care of this opening. The base is usually square or octagonal in shape and 
should extend about 3 ft. above the top of the breech opening. Chimney bases 
arc frequently constructed of common brick with straight vertical walls which are 
thicker and heavier than the walls of the chimney proper. 

The M. W. Kellogg Company suggests the following rule for determining the 
maximum width of flue opening into chimney bases : Multiply the width of the 
chimney at the bottom by 33 per cent for round chimney bases, 42 per cent for 
octagonal chimney bases, and 50 per cent for square chimney bases. The width 
of the flue opening should be kept as narrow as possible in order to maintain the 
highest stability through the opening. 

In reinforced concrete chimneys, the walls near the breech opening are thick- 
ened to make up for the concrete taken out of the opening. Ordinarily the wall 
thicknesses are increased from 1 to 3 in. The wall thickening should extend 
about 5 ft. above the top and an equal distance below the bottom of the breech 
opening. Extra reinforcement should be provided around the flue opening to 
more than make up for that removed. Whenever practical, vertical rods extend- 
ing towards the opening should not be cut off but should be bent around the sides 
of the opening. The bends should not be sharp, and the rods should not all be 
bunched together. About three or more verticid rods, say of the same size as the 
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other vertical reinforcement, should be bent and placed on each side of the breech 
opening as extra reinforcement. Three or more sets of horizontal rings of rods 
should be placed both above and below the breech opening. These rods should 
preferably be of the same size as the vertical reinforcement. Sometimes a few 
extra horizontal rods, of a length sufficient to extend about 2 ft. beyond the 
opening, are placed over the top and under the bottom of the breech opening in 
addition to the horizontal rings. The temperature reinforcement should be 
increased from a section about 5 ft. below the opening to a section about 5 ft. 
above to aid in resisting the large temperature stresses that occur in this portion 
of the chimney. If a wire mesh is used about 2 in. from the outer surface, this 
mesh should be continued into the sides of the opening and then around the 
interior of the chimney about 2 in. from the surface. This extra mesh should 
also extend about 5 ft. above and bellow the opening. The mesh should be placed 
on the outside of the vertical rods and tied to them. 

12. Baffle Plates. — When there arc two or more flue openings into a chimney, 
baffie plates should be provid(;d to ke(‘p the gases from any one flue from inter- 
fering with the proper operation of anotluT flue. The baffle platcis should extend 
from about 2 ft. below the bottom of the breech opening to a point about 

5 ft. above the top of the opc'iiing so that the gases from the different flues 
will be moving along parallel lines when they come together. The baffle 
plates should be support('d by I-beams and should be bonded to the lining. 
For chimn(*y diameters of about 5 ft. or less, a 4-in, wall of firebrick makes a 
satisfactory baffle. For chimn(;ys having larger diameters, the baffle wall should 
be about G or 8 in. thick, depending on conditions. 

13. Clean-out Doors. — Clean-out doors of ample size should be provided 
at the base of each stack, preferably on the side opposite the breech opening. 
A standard cast-iron clean -out door, about 24 in. by 3G in. in size, and frame is 
usually satisfactory. In a brick chimney a fiat masonry arch is usually con- 
structed over the top of the clean-out door opening. In a reinforced concrete 
chimney, a little extra reinforcement is soimitimes placed around the opening. 

14. Ladder. — Permanent ladders should be provided for all large chimneys. 
In masonry chimneys, the ladders are frequently placed on the inside for the 
sake of appearance. Galvanized iron rungs about in. in diameter and bent in 
the shape of a with hooked ends are satisfactory. These rungs should be 
spaced about 15 in. apart and securely anchored to the masonry. 

16. PuUey and Cable. — Each chimney should be provided with a pulley 
securely attached to the top and a loop of wire cable extending the full height 
of the chimney. A bronze pulley with a Q-m. galvanized wire cable is usually 
satisfactory. 

16. Painter’s Trolley and Track . — A painter’s trolley and track are usually 
not provided for a masonry chimney unless it is desired to paint the outside of 
the chimney frequently, say for some such purpose as advertising. 

17. Lightning Conductor. — Every masonry chimney should be provided with a 
lightning conductor. One point should be provided for about every 2 ft. of 
diameter and no chimney should have less than two points. Each point should 
consist of a platinum tipped copper rod about in. in diameter and from about 

6 to 10 ft. in length, securely fastened to the top of the chimney. Some designers 
claim that the points should project 3 or 4 ft. above the top of the chimney, 
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while other designers say that a projection from 4 to 6 in. is enough if one point 
is used for every foot in diameter. The lower ends of the points should be fast- 
ened to a copper cable which passes entirely around the chimney. The down cable 
leading from the circular cable should be a >^-in. solid or seven-strand copper cable 
securely anchored to the chimney wall at intervals of about 6 or 8 ft. The lower 
end of this cable should be fastened to a copper plate buried in the ground. 

Some constructors of reinforced concrete chimneys fasten the copper points 
to the reinforcing steel at the top of the chimney and claim that this method gives 
satisfactory results. In such a case, the reinforcing steel must be' well groundedt 

18. Architectural Treatment. — Many of the large masonry chimneys tha. 
have been constructed arc far from pleasing to the eye. During later years 
there has been a great effort to imj)rove the appearance by constructing the 
chimney with a taper and by providing some form of ornamentation. A chimney 
whose walls have no taper usually has the appearance of being top-heavy. The 
correct taper to use for any certain chimney depends upon conditions to be met. 

The appearance of brick chimneys may be improved by the use of the taper, 
by the use of base courses, by the enlargement of the top, by paneling at the 
base and top, by using courses of stone or terra cotta at the base and head portions, 
and by the use of different colored brick. An effort should be made to make the 
ornamentation of the chimney conform to the general architectural style of the 
adjacent structure. 

Care should be taken in the construction of njinforced concrete chimneys to 
make the surface smooth and uniform in appearance, to avoid humps, and other 
irregularities, to remove form marks, to avoid rough or pitted surfaces, and to 
avoid the construction lines which show where one day^s work ends and another 
day's work begins. Fluting gives a pleasing appearance when properly done. 

As a rule, advertising matter placed on chimney walls does not improve the 
appearance of the chimney. However, when permanently colored kiln-burnt 
brick are used for the lettering in brick chimneys, the effect is sometimes pleasing. 
A monogram or trade mark, of proper size and correctly located, placed on the 
walls of a concrete or brick chimney 'does not detract from the appearance. 

If careful attention is given to the form, color, and ornamentation of a large 
chimney, it may result in a structure whose appearance is pleasing to the eye 
with but little additional cost. 

LARGE BRICK CHIMNEYS 

Large brick chimneys have been successfully constructed and used for many 
industries. Both common and radial brick have been used, though radial 
brick are to be preferred on account of their many advantages. 

The shape of the chimney is usually circular or octagonal, with tapering walls. 
The chimney may be constructed in two parts, foundation and shaft, or three 
parts, foundation, base, and shaft. Usually the round tapered chimney is 
preferable as it offers less resistance to the wind than does the octagonal. The 
square shape on the other hand, offers more resistance to the wind than does 
the octagonal. 

Square and octagonal brick chimneys require no special shapes of brick, 
except that a specially shaped brick should be provided for the octagonal comers. 
Radial brick are better than common brick for round chimneys. 
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19. The Brick. — When common building brick are used, they should be of 
good quality, straight, hard, well burned, well shaped, uniform in size and color, 
and have a specific gravity of at least 2.0 and a crushing strength of at least 
4,000 lb. per sq. in. Sometimes special brick, such as face brick or brick made 
from selected clays, are used. 

Radial brick should be of the best quality, molded from a suitable refractory 
clay, well burned, well shaped, Iree from chips, hard, sound ringing, acid and 
weather proof, and of a fairly even color. The brick should be made to conform 
closely with the circular and radial lines of the chimney in question, and their 
outside faces should be regular in size so that the brickwork will have a good 
general appearance. The per cent of absorption for 24 hours immersion, based on 
the dry weight of the brick, should be between 6 and 1 2 per cent (it is usually 
between 8 and 10 per cent). One cubic foot of radial brickwork should preferably 
weigh not less than 120 lb. per cu. ft. The total perforations should not be 
more than 25 per cent of the cross-sectional area of the brick and each perforation 
should not be so large that there is danger of filling the space with mortar. The 
crushing strength of radial brick should be about 6,000 lb. per sq. in. or more. 

Some of the advantages of radial brick over ordinary common building brick 
are: 

Uniform thickness of radial joints. 

Fewer joints, due to larger .sizes of brick. 

Perforations giving dead air spaces which tend to reduce radiation. 

Perforations permitting the mortar to form a l)ctter vertical anchorage and reducing 
the number of reinforcing bands needed. 

Acid and weather-proof characteristics. 

More highly refractory. 

The M. W. Kellogg Company manufactures a corrugat(^d perforated radial 
brick which, they claim, makes stronger mortar joints. The Heine Chimney 
Company uses a perforated, interlocking, radial brick laid in full mortar beds with 
shove joints. It is claimed that the interlocking feature and shove joints make 
the walls much stronger. 

As mentioned in Art. 10, the lining brick should be a firebrick of good quality 
such as will withstand the action of the flue gases. 

20. The Mortar. — The mortar used in constructing brick chimneys should 
be a fairly rich Portland cement mortar, preferably with an addition of lime. 
The added lime makes the mortar smoother and easier to work. A mortar com- 
posed of 1 part Portland cement, H to 1 part lime, and 3 to 4 parts of sand is 
usually satisfactory. The sand should bo clean, sharp and well graded with no 
particles over H in. in size. It is well to choose a sand whose largest grains are 
not much more than half the thickness of the mortar joint used. However, 
there is a difference of opinion among companies and engineers as to the correct 
proportions and sizes of the mortar materials. 

Professor C. C. Williams in his book on “Design of Masonry Structures and 
Foundations” advises the use of a mortar consisting of 1 part lime, 3 parts Port- 
land cement, and 12 parts sand. The sand should be fairly coarse in character 
and screened to remove particles larger than K in. 

The M. W. Kellogg Company, and Wm. Summerhays and Sons both specify a 
mortar consisting of 1 part Portland cement, 2 parts fresh burnt lump lime mortar, 
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and 5 parts clean, sharp sand. The cement should be added to the sand and lime 
mortar as the mortar is required, and no mortar should be used after initial 
set has taken place. The cement should not be added while the lime is warm. 
The lime should be fresh burnt and thoroughly slaked before being mixed with 
the sand and cement. No old or air slaked lime should be used. The sand 
should be free from clay, loam, vegetable matter, and large pebbles, and should 
be washed and screened if necessary. 

Mortar for a lining of firebrick should consist of a suitable mixture of cement, 
fireclay, and sand, about a 1:1:3 mix. 

21. Allowable Unit Stresses. — In general, the allowable unit stresses in 
brick chimneys should be very conservative because of large possible damage 
to surrounding property due to a chimney failure. 

In designing chimneys to be constructed of ordinary building brick, no 
tension should be allowed on any of the horizontal cross-sections under the 
maximum wind conditions considered. The allowable unit compression stresses 
depend on the strength of the brick, the strength of the mortar, and the care 
with which the brickwork is constructed. Most designers use allowable unit 
compression stresses ranging from 100 to 150 lb. per sq. in. for ordinary brick 
chimneys. 

In designing radial brick chimneys, it has been customary to allow some unit 
tension on horizontal cross-sections under maximum wind loads. Various 
designers have used allowable unit tension values ranging from 0 to 35 lb. per 
sq. in., though an allowable unit tension stress of 20 or 25 lb. per sq. in. is not 
exceeded by many engineers in their chimney designs. It is also common 
to permit larger unit tension stresses near the base than near the top. 

Allowable unit compression stresses, varying from about 150 to 300 lb. per 
sq. in., have been used in designing radial brick chimneys, though it is not thought 
advisable to use unit compression values in excess of 200 lb. per sq. in. unless 
it is certain that the brick, mortar, and workmanship will permit it. 

Some designers allow greater unit compression stresses near the base than 
near the top of the chimney, while others permit no variation in the allowable 
unit stresses, and still others allow slightly greater unit compression stresses 
near the top than near the base. 

The formulas which follow, taken from two different sources, arc included 
to show the difference in ideas regarding allowable unit stresses in chimney 
design. 

Professor G. Lang in the Engineering Record of July 27, 1901, gives the 
following maximum allowable unit stresses: 

Tension St = 18.5 + 0.056L for single shell chimneys. 

St = 21.3 + 0.056L for cliimneys having a complete lining. 

Compression <80 = 71 + 0.65L for single shell chimneys. 

& = 85 + 0.65L for chimneys having a complete lining. 

where & and St are stresses in pounds per square inch, and L is the distance 
from the top in feet. 

Professor L. A. Harding in the 1921 edition of the Kidder's ‘‘Architects' and 
Builders’ Handbook” says that the allowable unit stresses for radial brick chimneys 
should not exceed the following maximum values: 
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Maximum tension 

Below 150 ft 2 to 2>^ tons per sq. ft. (28 to 35 lb. per sq. in.) 

From 150 to 200 ft liolH tons per sq. ft. (14 to 21 lb. per sq. in.) 

Above 200 ft 0 

Maximum compression 

200 ft. and below 19 tons per sq. ft. (263 lb. per sq. in.) 

Above 200 ft 21 tons per sq. ft. (201 lb. per sq. in.) 


22. Length of Sections. — The shaft of a brick chimney is constructed in 
sections wliieh arc usually of the same length. The length of section chosen 
may depend on custom, ordinance, judgment of the designer, or it may be fixed 
by th(^ owner or contractor. A length of 20 ft. is common, though lengths of 15, 
25, and 30 ft. have been used. A section length of 25 or 30 ft. is suitable for 
chimneys construct(id of orclinary brick because the thickness of the walls must 
be increased by at least the width of a brick, practically 4 in., at a time. For 
radial brick chimneys, a section length of 20 ft. is good as the radial brick 
walls may be increased one or more inches at a time as the designer desires. 

23. Batter of Chimney Walls. — ^Practically all large masonry chimneys arc 
constructed with tapered walls because the taper improves the appearance of the 
chimney, permits the increases in wall thickness to be placed on the inside, and, 
by increasing the outer diameter as the base is approached, tends to reduce the 
unit stresses and make the construction more economical. 

The batter of radial brick chimney walls usually varies from >^5 to 
being smaller for the higher chimneys and also smaller for the larger diameters. 
The Amcri(;an Chimney Corporation suggests a taper of about 4 ft. in 100 ft. (a 
wall batter of the M. W. Kellogg Company uses batters varying from about 
Ho to J^oi and Professor C. C. Williams gives Ho to Ho* The batter for 
chimney walls built of ordinary brick is usually between Hs and 

24. Thickness of Chimney Walls. — When the chimney Ls constructed of 
ordinary clay building brick, the thickness of the wall at the top of the chimney 
should not be less than the length of a brick, about 8 in. This thickness is 
satisfactory for chimneys having an inside top diameter of 8 ft. or less. For 
inside top diameters from 8 ft. to 18 ft., the thickness of the wall at the top 
should be 12 in., and this thickness should be increased to 16 in. or more for 
inside top diameters larger than 18 ft. Proceeding from the top down, the 
wall thickness is usually increased about 4 in. (half the length of a brick) for 
each succeeding section. This gives the following formula for the thickness 
of the wall at the bottom, which formula will usually give satisfactory results 
for round chimneys constructed of ordinary brick with vertical sections about 
30 ft. in length, and with a maximum wind pressure of 25 lb. per sq. ft. on 
the vertical projected area: 

^(bottom) “ 4(71 1 ) 4 “ ^(top) 

where 

^(bottom) = thickness of wall at base in inches. 

^itop) = thickness of wall at top in inches. 
n = number of vertical sections in chimney. 
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For radial brick chimneys the thickness of the wall at the top is rarely taken 
at less than 7 in., and may be more than 7 in. when desirable. The American 
Chimney Corporation suggests the following rules for top thickness: 

7 in. for top diameters up to 7 ft. 

8 in. for top diameters from 7 ft. to 10 ft. 

10 in. for top diameters more than 10 ft. 

The following formula is suitable for approximately determining the thickness of 
the ehimney wall at the top, though this formula gives values which may be a 
little large for radial brick chimneys whose inside top diameters are more than 20 
ft. 

^(toi)) = 7 + J^(d(top) — 7) 

^(top) = thickness of chimney wall at top in inches, the minimum thickness 
being 7 in. 

d(top) = inside top diamettn* of chimney in feet. 

The thickness of chimney wall required at the bottom of a radial brick shaft 
depends on the allowable unit stresses in tension and compression, the wind 
pressure assumed, the weight of the stack, the batter of the wall, whether or not the 
lining is carried by the chimney walls, and on the local building laws. Conse- 
quently it is impractical to derive an exact formula for wall thickness which would 
satisfactorily include all of the variables. The American Chimney Corporation 
suggests the following formula for radial brick chimneys of medium diameters and 
heights: 

f(bottom) = y "f* 4 

where 

^ (bottom) = thickness of wall required at base in inches. 

II = height of chimney shaft in feet. 

The following formula also is satisfactory to use in approximately determining the 
thickness of wall required for radial brick chimneys of medium diameters and 
heights using the same notation as before: . 

^(bottom) = 2 Q H" 5 

These two formulas may be used to determine the approximate wall thickness 
required at any chosen distance below the top of the chimney. Then <(base) 
would be wall thickness in inches required at a distance H feet from the top of 
the shaft. 

When a square or octagonal base of common brick is provided, its height is 
usually made about H of the total height of the chimney. The wall thickness of 
this base when supporting a radial brick shaft (American Chimney Corporation) 

should not be less than “1" ^ ) inches, where H is the height of the chimney 

in feet. 

The various formulas given in this article for the thickness of chimney walls 
are empirical and approximate and, consequently, should only be used to deter- 
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mine approximate wall thicknesses. In designing a radial brick chimney it will 
often be found advisable to cliange slightly the approximate values so found. 

26. Top Cap. — There have been several different forms of top caps used for 
brick chimneys. A sectional cast-iron cap is satisfactory, though reinforced con- 
crete caps, terra cotta ca])s, ceimmt mortar caps with wrought-iron retaining 
rings, and, in some instances, shcnit-k'ad caps have been used. The choice of the 
kind of top cap to be used usually depends on the character of the flue gases and 
the opinion of the engineer or of the chimney construction company. 

26. Reinforcing Rings. — In chimneys built of ordinary clay brick, wrought 
iron or steel bands should he placed in the wall at every change of wall thickness. 
One band should be placed at the top of the shaft and one or more bands above 
and below (»ach flue opening. The purpose of the reinforcing rings is to aid the 
brickwork in r(*sisting t(*mperature stresses. 

Tlie reinforcing rings are usually omitted in the case of perforated radial brick 
chimm^ys as the brickwork in these chimneys is usually strong enough to resist 
ordinary temperature stresses. However, one band is usually placed near the 
top of the chimney and one or more bands placed both above and below each flue 
opening. In very large radial brick chimneys, and also when the lining is carried 
by the chimney Avails, reinforcing rings are placed at each change in wall thickness. 

Bands % by 8 in. are satisfactory for medium size chimneys, though the 
size of the bands may vary somewhat depending on the opinion of the designer. 
The bands are thoroughly embedded in the brickwork. 

27. Design Formulas. 

27a. Round Brick Chimney Shafts. — Structurally a round brick 
chimney shaft must be designed to resist: 

(1) The overturning moment due to the wind. 

(2) The horizontal shear due to the Avind. 

(3) Tlie compressive stresses caused by the Avind and the weight of the 
masonry. 

(4) The tensile stresses Avhenever the unit tensile stress caused by the wind is 
greater than the unit compressive stn'ss caused by the weight of the 
walls. 

(5) The temperature stresses. In brick chimneys these stresses are taken 
care of by the masonry and the use of reinforcing rings when needed. 

In addition to the formulas for determining the approximate wall thicknesses 
the folloAving formulas are needed: 

(1) For overturning moment duo to wind. 

(2) For weight of masonry in Avails. 

(3) For horizontal shear due to wind. 

(4) For unit compression stress on a horizontal section caused by weight of 
walls. 

(5) For unit tension or compression stress on a horizontal section caused by 
wind. 

(6) For resultant unit stress on a horizontal section. 

The formula for the overturning moment at any section due to the wind is 

M = + 2Dt) 
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where 

M = bending moment in inch-pounds. 

= unit wind pressure in pounds per scjuare foot on the vertical pro- 
jected area. 

h = distance of section in feet from top of chimney. 

D = outer diameter of section in feet. 

Dt = outer diameter of top in feet. 

For the moment at the bottom of the shaft, D would ecpial tlu^ diameter of the 
base in feet and h the height of the shaft in feet. 


The derivation of this formula is as follows (refer to l^'i^. 1 :ind ecjnsider the projected 


area to consist of a parallelogram and a triangle): The moment of 
the wind pressure on the parallelogram about the section considered 
C(]uals 

V2pvMl)t • (in.-lb.) 


The moment of the wind pressure in the triangle about tin 
considered eipials 
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Fig. 1. — For deter- 
inining wind moment 
on a section of a 
chimney. 


In finding the weight of the shaft above any horizontal section, the following 
formula may be used: 

W [(Z)J _ t/s) + wh 

where 

W = weight of shaft above the horizontal section in i)Ounds. 

D = outer diameter at section in feet. 
d = inner diameter at section in feet. 

Dt = outer diameter at top of shaft in feet. 
dt = inner diameter at top of shaft in feet. 
w = weight of masonry in pounds per cubic foot. 
h = distance of section from top of chimney in feet. 


This formula will give only the approximate weight as it assumes a uniform 
variation of the inner diameter between the section considered and the top of the 
chimney. 

A more accurate method of finding the weight of the shaft is to number the 
vertical sections (beginning at the top of the shaft), compute the weights (Wi, 
W29 Wz, etc.) of each section separately, and then add the weights to obtain the 
tot^. The total weight of shaft above the bottom of any vertical section would 
be the sum of the weights of the vertical sections above. 
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The following formula may be used for finding the weight of any vertical 
section having a constant wall section. Suppose it is section 4 counting from 
the top of the stack, then 


Wt = ^ whMD* + Di- 2U] 

where 

Wi = weight of section 4 in pounds. 
w = weight of masonry in pounds per cubic foot. 
hi = height of section in feet. 
ti = thickness of wall in feet. 

Da = outer diameter of bottom of section 4 (same as outer diameter 
at top of section 5). 

Ds = outer diameter of lop of section 4 (same as outer diameter at 
bottom of section 3). 


In other words, the weight of any section is equal to the average cross-sectional 
area multiplied by the height of the vertical section and the weight per cubic foot, 
of the masonry. 

The total weight of shaft above bottom of section 4 would ho. Wa + + 

Wi + Wy, the values Wi, Wi^ and Wy being found in like manner by using the 
proper outer diameters and wall thicknesses for these sections. 

The total weight of the shaft would be equal to the sum of the weights of the 
different vertical sections. 

In chimneys where the lining is carried on corbels from the chimney walls, 
the lining weights must be included. 

The unit shear on any horizontal section of the shaft is equal to the total wind 
pressure on the shaft above the section divided by the ar('.a of the section or 


where 


Unit shear = 


}''2{D -j" Dt)hpw 
irt{D - t) 


1 

144 


pJj{D -h Dt) 
2SSt{I) - t)ir 


D = outer diameter of the horizontal section in feet. 
Dt = outer diameter of the top of shaft in feet. 

h = distance from top of shaft to section in feet. 

Pw = wind pressure in pounds per square foot. 

L = thickness of wall in feet. 

Unit shear = pounds per square inch. 


The unit compressive stress in pounds per square inch on any horizontal section, 
due to the weight of the wall of the shaft, equals the total weight above the section 

W . 

divided by the cross-sectional area of th(i masonry A^ or which equals 


_W __ _ 

lUrtiD"- tj 36ir(5» - rf*) 


depending on the expression used for the area, where 

W = weight of shaft in pounds above horizontal section considered. 
D = outer diameter of the horizontal section in feet. 
d = inner diameter of the horizontal section in feet. 
t = thickness of wall in feet. 
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The unit stress on any horizontal section due to wind moment will be tension 
on the windward side and compression on the leeward side of the shaft. Treating 
the shaft as a hollow cantilever beam, this unit stress will be equal to the wind 

moment divided by the section modulus — that is, the bonding stress = 

The moment due to tlie wind in incli-pounds is 
M = 2pJi^{D + 2Dt) 

The section modulus, ^ , in in.® for a hollow circular section is 

I ^ t( 7)^ - d^)l,72S ^ 54 t(D 2 -f - d®) 

V ~ ;i2 /) D 

Or, the unit bending stess in pounds per sejuare inch due to the wind equals 

Mv ^ 2pJi^{D + 2Di)7) ^ pJiHKD + 2A) 

/ ■ 54ir(/;® + d®) (77® - d^) 21 -K (D^ + d®) {IP - d^) 

In this formula, the letters used have the same meanings as in previous formulas 
in this article. If desired, D — 2t may be substituted for d. 

The resultant unit stress on any horizontal section is given by the formula 

W Mv 

^ A - I 

and will be compression on the hicward side of the shaft and compression or 

W . Mv 

tension on the windward side depending on whether ^ is larger or smaller than - j 

/ 11^ , Mv 

” A I 

. W Mv 

A I 

where fe and ft are the unit stresses on tin* leeward and windward sides of the 
shaft respectively, and IF, A, M, and ^havc the same meanings as before. 

276. Octagonal Brick Chimney Shafts. — The formulas for the octag- 
onal shafts arc practically the same as those for circular shafts with some changes. 

The formula for bending moment in inch-pounds due to the wind is the same as 
before, except that D and Dt are the distances in feet between two outer parallel 
sides at the horizontal section considered and at the top of the shaft respectively. 

M = 2pJi^{D + 2Dt) 

The approximate formula for weight of shaft in pounds above any horizontal 
section becomes 

W = 0.414[(/)2 - iP) + (D*2 - d*2)] wh 
where W, w and h have the same meanings as are given in the preceding article. 

D and Dt are distances in feet between two outer parallel sides at the horizon- 
tal section considered and at the top of the shaft, and d and dt are distances in feet 
between two inner parallel sides at the horizontal section considered and at the 
top of the shaft. 

The formula for the weight in pounds of any vertical section of the shaft having 
a constant wall section becomes, say for the fourth section from the top, 

Tr4 = 1.656 w^A 4<4(/>4 + Z>i - 2ti) 
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where the notation is the same as in Art. 27a except that Dt and Ds are the dis- 
tances in feet between two parallel sides at the bottom and top respectively of 
the vertical section considered. 

The unit shearing stress on any horizontal section becomes 


Unit shear = 


(7) -f Di)h pw 
144 X - d^) 


_JP Vv> 
144 xis.mtib-t) 


where the letters have the same meanings as in Art. 27a, with the exception of D, 
Z)<, and d as previously noted. 

The unit conipressive stress in pounds per square inch on any horizontal 
section due to the weight of the shaft above the section is given by the formula 
W W 

144 X 3.31210 - t) 144 X 0.'828(Z)* - «!*) 


wh(;re the letters have the same meanings as before. 

The unit stress in lb. per sq. in. on a horizontal section, caused by the wind 

bending inomcnt, equals j where the; moment in inch-pound equals 

M = 2pJi^{D + 2Dt) 


and the section modulus in in.’ equals 

I ^ 1,728_X 0.109(7)2 ^ 

' ■ D 

where the letters have the same meanings as previously noted and where the 
neutral axis is taken parallel to two of the sides of the section and through the 
center of the section. 

The formula for the resultant stress is the same as in Art. 27tt, and, as before, 
. _ W,Mt 
~A^ I 
, W Mu 

a^T 


27c. Brick Chimney Bases. — When a base of common brick is 
provided, it is usually made alx>ut one-fifth the height of the chimney and usually 
has a slightly larger diameter. Brick chimney bases are commonly octagonal 
or square in shape with vertical walls. A water table is provided at the top. 
The walls arc usually made thicker than those required for an ordinary chimney 
shaft; no tension stress is permitted; and the allowable unit compression stress is 
kept comparatively small. 

The wind moment at the bottom of the base may be said to consist of three 
parts: (1) The wind moment about the bottom of the shaft due to the wind pres- 
sure on the shaft ; (2) the correction to be added to transfer this moment to the 
bottom of the base; and (3) the moment of the wind pressure on the base about a 
section at the bottom of the base. 

The wind moment about the bottom of the shaft equals 
M = 2])JiKD -f 2Dt) 

The increment to be added, to transfer this moment to the bottom of the 
base is 


Ml = 6pJihi(D + Dt) 
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The moment of the wind pressure on the base about the bottom section is 

M2 = QpvJib^Db 

Total moment about the section at the bottom of the base equals M + Mi 
+ M 2 . If the base is fully protected from the wind by buildings or other 
structures, M 2 may be omitted. 

In these three formulas 

M, Ml, and M 2 , are the moments in inch-pounds. 
py, = wind pressure on shaft i)rojectcd area in pounds per square foot. 
Pv)b = wind pressure on base projected area in pounds per square foot. 
h = height of shaft in feet. 
hb = height of base in feet. 

D = outer diameter of bottom of shaft in feet. 

Dt = outer diameter of top of shaft in feet. 

Db = outer diameter of base in feet. 

The weight of the base W, in pounds is as follows: 

Octagonal base 

Wb = 0.828 wJibW - 4") 

Square base 

Wb = wMW - 

where 

Wb == weight of base in pounds. 

v)h = weight of masonry in pounds per cubic foot. 

hb = height of base in f(»et. 

Db = distance between two outer parallel sides in feet. 
db = distance between two inner parallel sides in feet. 

When the walls of the base are corbeled out at placets, when the top of the 
base is arched over, or when the flue opening is in the base, corrections must 
be made to the weight as computed by the preccnling formula. 

Also, when the base supports the lining, the weight of the lining must be added. 
This weight is equal to 

Wi = TTWihiDiti for round linings. 

Wi = 3.312 wihiDih for octagonal linings. 

where 

Wi = weight of lining in pounds. 

wi = weight of lining in pounds per cubic foot. 

h = height of lining in feet. 

Di = average diameter of lining in feet. 
ti = wall thickness of lining in feet. 

When the lining is constructed in sections having different thicknesses, the 
weight of each section should be found separately, and then the total weight of 
the lining found by adding the weights of the sections. 

The unit compressive stress in pounds per square inch at the horizontal section 
at the bottom of the base is: 
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For an octagonal base 

_ sum of weights of shaft, base, and lining 
* 144 X 3.312 "ifcCDfc - U) 
or 

_ sum of weights of shaft, base, and lining 
144 X Q.S2S{D^di:^) 

For a scjuan* base 

_ sum of weights of shaft, base, and lining 

where the letters used have the same meanings as b(‘fore. 

The unit flexural stress due to the wind in pounds per scpiarc inch on the 
horizontal section at the bottom of the base is 
For an octagonal base 

_ 1,728(^7 + A/i -h A7‘*)e6 
h 

where 

h ^ 1, 728 X O.lO Ofyy -f - rV ) 

Vh Db 

For a square base 

__ (M -f- A/i -f- Af^Vb 

where 

/». ^ 1,728(D 6" + <h?) 

Vb QDb 

and where the notation is the same as before. 

The maximum unit compression stress on the horizontal section at the bottom 
of the base equals 

, _ W + Wb + Wi , {M + A7, + M.)vb 
” Ab' h 

where Ai = cross-sectional area of bottom of base in square inches. 

The minimum unit compression stress on the horizontal section at the bottom 
of the base equals 

TF -b Wb 4- Wi (M 4- Ml 4- M2)vb 

Ab ‘ Ib 

where the first term must be (Kpial to or grcat(T than the second term so that 
there will be no tension on this section. 

The unit shear on any horizontal section of the base will probably be the 
greatest at the bottom of the base provided that there is no breech opening in 
the base or that extra masonry has been added around the breech opening to 
compensate for that removed. 

The total wind pressure equals that for the shaft plus that for the base or 

4“ Dt)hpw 4" DbhbPvb 

The unit shear equals 

}'i{D 4“ Dt)hpt g 4~ D bhbPwb 

cross-sectional area of the base 
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28. Design of Chimney Foundations not Reinforced. — Foundations for 
brick chimneys may be constructed of brick or stone masonry, or of plain or 
reinforced concrete. The design of a reinforced concrete foundation will be 
considered in a later paragraph. 

The shape of a masonry foundation is usually of the form of a frustrum of a 
cone or of an eight-sided pyramid, and the sides arc usually stepped. Square 
shaped foundations are rarely used because of the high pressures which may occur 
in the corners when the wind blows along the direction of a diagonal of the square. 
Round or octagonal shaped foundations are more economical. The side slope 
of the foundation should make an angle of less than 45 deg. with the vertical if 
no reinforcement is used. An angle of about 30 deg. with the vertical is usually 
satisfactory. 

The width of the top of the foundation should be from 1 to 3 ft. wider than 
the outer diameter of the bottom of the chimney. The width of the bottom 
of the foundation should be such that the allowable unit soil pressures will not 
be exceeded and also that there will be compression stress over all of the bottom 
of the foundation at all times. If the foundation is stepped, the olTsets from 
one step to another should not be too large for good practice. The dei)th of the 
foundation varies from about 4 to 12 ft., depending on such conditions as 
the height and diameter of the chimney, the widths of the top and bottom of 
the foundation, and the opinion of the dc^signer. 

The most economical design under the most extreme conditions of loading 
would give practically a zero unit compressive stress on the windward edge 
increasing to the maximum allowable unit compressive stress at the opposite 
edge on the leeward side. 

The weight of foundations may be taken as follows: 

Plain concrete about 145 lb. per cu. ft. 

Good building brick, about 125 lb. per cu. ft. 

Stone masonry, about 5 lb. per cu. ft. less than that of the stone used, say 
approximately 140 lb. per cu. ft. for sandstone, and 100 lb. per cu. ft. 
for limestone, marble, and granite masonry. 

The allowjible unit soil pressure varies greatly with different kinds of soil. 
A value of 4,000 lb. per sq. ft. (2 tons per sq. ft.) should not be exceeded for 
average soil conditions. A conservative value for the allowable soil pressure 
should be selected as dangers due to possible uneven settlement of the founda- 
tions are very great. 

Foundations are designed by the “cut and try'^ method. The dimensions 
are assumed and the maximum unit soil pressure is computed. If this pressure 
is just equal to or a little less than the allowable unit soil pressure, the design is 
satisfactory provided that there is compression on the entire under surface of the 
foundation. If the design is not satisfactory, other dimensions should be chosen 
and the computations made again. An experienced designer rarely has to make 
more than two or three trials. 

29. Foundation Design Fonnulas. — ^Let 

D/ = diameter of foundation base in feet. 

Du = diameter of foundation top in feet. 

Wf = weight of foundation in pounds. 
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Wi = weight of lining in pounds. 

Wt = weight of shaft in pounds or the weight of shaft and base if there is 
a base. 

hf = height of foundation in feet. 

H = height of chimney above foundation in feet. 

A/ = area of foundation base in square feet. 

M = overturning moment of wind about top of foundation in inch- 
pounds (sec Arts. 27a and 27c) 

Mf = overturning moment of wind about base of foundation in inch- 
pounds. 

7/ = moment of inertia of foundation base section in in.^ 

V = distance from neutral axis to extreme fiber in inches. 

Wf = weight per cubic foot of masonry in foundation. 

Wf = -h D/Du + 7>«-) = for a frustrurn of a cone. 

0 

W t = W/h/{D/^ + D/Du + 7>„^) = for a frustrurn of an eight-sided 

l)yramid. 

These formulas for W/ are approximately true when the foundation sid(?s arc 
'‘stepped.*^ However, for accuracy, the weight of each section or ‘^step’^ should 
be found and the sum of these weights taken for the total. 

7/ = X 144^ = 1,018/)/^ (in.^ for a circle) 

7/ = 0.055 7)/^ X 1442 = 1,1407)/^ (in.^ for an octagon) 
f.’ == 6D/ 

M = 2 + 2Dt) 

M/ = M + Gp„nh/{D + Dt) 

where 

pu, = wind pressure in pounds per square foot on projected area of 
chimney. 

D = outer diamet(?r of bottom of chimney in fec;t. 

Dt = outer diameter of top of chinmcjy in f(‘et. 

vD/^ 

A/ = — = 0.7854D/^ in square feet for a circle. 

A/ = 0.828D/* in square feet for an octagon. 

The maximum unit compression stress on the base of the foundation in 
pounds per square inch for a circular base 


= + Wi + W/ 6D/ M / 


144 X 0.7854/)/2 ' 1,0187)/* 
W. + Wi + W/ , M/ r 11 
" l“l3£)/* 170/)/’ 


in.) 


For an octagonal base, the maximum unit compression stress, assuming the 
wind to blow perpendicularly to a side, 

_W. + W, + W/ 6D, M, 

144 X’ 0.828/)? 1,140/)/’ 


IF. + IT, + W/ 
119/)/* 


Mf 

190/)/’ 


(in lb. i,er sq. in.) 
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The minimum unit compression stress on the base of the foundation for a 
circular base 


W, + Wi + ir, 
H3Z>/2 “ 


Mf 

170Df^ 


(in lb. per sq. in.) 


For an octagonal base, the maximum unit compression stress, assuming the 
wind to blow perpendicularly to a side, 


W. + Wi -h Wf 
119/)/ ' " " 


Mr 

190 /)/'* 


(in lb. per sq. in.) 


In these last tw'o formulas, the first term must be equal to, or greater than, the 
last term or else there may be tension on the base. 

The unit stresses obtained by the above four formulas should be multiplied 
by 144 to reduce the unit stresses to pounds per square foot. 

30. Method of Procedure in Design of Brick Chimneys. — The general method 
of procedure in the design of a brick chimney is approximately as follows, having 
given the height above foundations, the inside top diameter, the elevation of 
the breech opening, the height of the lining, whether the chimney is to be 
round or octagonal in shape, and whether or not the chimney is to have a base 
section : 


(a) Choose wall thickness at top of chimney, usually 7 in. or more. 

(b) Choose number of vertical sections, usually about 30 ft. in length for 
ordinary brick and 20 ft. for perforated radial brick. 

(c) Choose batter for walls, usually between Me Ho- Sometimes the 
batter varies at different sections. 

(d) Compute approximate wall thickness for each vertical section. 

(e) It is usually of advantage to prepare a tabulation showing distance or 
number of section from the top, outer diameters, wall thicknesses, cross- 
sectional areas, masonry weights, wind moments, unit stresses, etc., in 
designing tlic chimney. 

(/) Compute masonry weights and wind moments at base of upper (first) 
section and then compute maximum unit compression stress, minimum 
unit compression stress (or tension), and unit shearing stress on this 
horizontal base section. 

(g) Repeat computations for each succeeding section. 

(k) Design base section (if one has to he provided). 

(i) Design breech opening. 

(j) Design reinforcing rings, 

(k) Design lining (and lining supports when lining is not built up from the 
foundation). 

(l) Design top cap. 

(m) Design ladder (usually placed inside). 

(n) Design block and cable. 

(o) Design lightning rod. 

(p) Design clean-out door. 

{q) Design foundation. 

(r) Check design. 

(a) Prepare general and detail drawings of chimney and foundations. 
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The general drawing should show the plan and elevation of the chimney and 
foundations with all such details as outer and inner dimensions, wall thicknesses, 
location of breech opening, clcan-out door, tyiiical cross-sections, etc. Detail 
drawings to a larger scale should often be provided for such details as breech 
opening reinforcement, ladder, lightning rods and fastenings, block and cable, 
top cap, lettering and trimmings tf appear on chimney, etc. 

31. Use of Diagrams and Tables as Aids in Designing Brick Chimneys. — 
The use of diagrams and tables in designing brick chimneys is a great time saver 
to an engineer. However, the engineer must know that the diagrams and tables 
that he is using ai)j)ly to tlie cliimncy that is being designed. 

Tahle 6. — Internal Top and External Bottom Diameters of Round Kellogg 

Chimney Shafts 


Height 

of 

chi ni- 
nny in 
feet 


Inicrnul (liaiiinlor nt top 


S' 


is'r/'j 


0 ' 


I »' 0 ' 


10 ' 


External dianiclora in f<‘ni at bottom of column 


7r» 

7. 12 

7.09 

7. or 

8 10 

8. or. 

1 

9 ir 

1 

9 90 









80 

7 80 

8.04 

8 27 

8 70 

9 13 

9 58 

10 02 









sri 

8.18 

8.38 

8.58 

8.95 

9 31 

9 70 

10 OS 









90 

8.57 

8.73 

8 88 

9 18 

9 48 

9 81 

10 13 









or* 

8.95 

9.07 

9.19 

9. 13 

9.00 

9.93 

10 19 









100 

9.33 

9.42 

9.50 

9.67 

9 83 

10 04 

10 25 

10.75 

1 1 . 25 

11 . 75 

12 25 





lorj 

9.70 

9.78 

9.85 

10 03 

10 21 

10 38 

10 55 

11.03 

11.50 

11,95 

J2 40 





no 

10 00 

10.13 

10 20 

10 10 

10 00 

10 73 

10.85 

11.30 

1 1 . 75 

12.15 

12 .55 





115 

10. 13 

10.49 

10.55 

10.77 

10.98 

11.07 

11.15 

11.58 

12.00 

12.. 35 

12 70 





120 

10 79 

10 85 

10.90 

11.11 

11.37 

11.41 

11.45 

11.85 

12.25 

12.55 

12.85 





125 

11.10 

11.21 

11.25 

11.50 

11.75 

1 1 . 75 

11.75 

12.13 

12 50 

12 75 

13.00 

13.50 

14 00 

14.50 

15.00 

130 



11.05 

11 88 

12.10 

12.12 

12.13 

12.47 

12.80 

13.09 

13.37 

13 80 

14.22 

14.69 

15.15 

135 



12.05 

12.25 

12.45 

12.48 

12.51 

12.81 

13.10 

13.42 

13.73 

14.08 

14.43 

11 87 

15.30 

140 



12 45 

12 03 

12.80 

12.85 

12.90 

13.15 

13 40 

13.75 

14.10 

14 38 

14.65 

15.05 

15.45 

145 



12.85 

13 00 

13.15 

13.22 

13.28 

13.49 

13.70 

14.08 

14.40 

14.60 

14.86 

15.23 

15.60 

150 



13.25 

13.38 

13.50 

13.58 

13.00 

13.83 

14.00 

14.42 

14 . 83 

14.90 

15.08 

15.42 

15.75 

155 



13.58 

13 73 

13.87 

13.97 

14.00 

14.18 

14.30 

14.08 

15.0() 

15.19 

15.31 

15.61 

15.91 

160 



13.92 

14.08 

14.23 

14.35 

14.46 

14.53 

14.60 

14.95 

15.30 

15.43 

15.55 

15.81 

16.07 

165 



14.25 

il4.43 

14.00 

14.73 

14.86 

14.88 

14.90 

15.22 

15.53 

15.00 

15.78 

16.00 

16.22 

170 



1 4 . 59 

14.78 

14.90 

15.11 

15.26 

15.23 

15.20 

15.49 

15.77 

15.90 

10.02 

16 20 

16.38 

175 



14.92 

15.13 

15.33 

15.50 

15,66 

15.58 

15.50 

15.75 

16.00 

10.13 

16.25 

10.40 

16.54 

180 







1 


15.80 

16 05 

16.30 

16.40 

16.50 

10.65 

16.80 

185 









16.10 

16.35 

16.60 

16 08 

16.75 

10.91 

17.06 

190 









16.40 

10.65 

16.90 

16.95 

17.00 

17.16 

17.31 

195 









16.70 

16.95 

17.20 

17.23 

17.25 

17.41 

17.67 

200 









17.00 

17.25 

17.50 

17.50 

17.50 

17.67 

17.83 

205 













17.80 

17.98 

18.16 

210 













18.10 

18.30 

18.50 

215 













18.40 

18.62 

18.83 

220 













18.70 

18.94 

19.17 

225 













19.00 

19.25 

10.50 


The tables included in this article arc taken from some of the diagrams and 
tables used by the engineers of the M. W, Kellogg Company in designing their 
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perforated radial brick chimneys. It is very doubtful if these tables and 
diagrams should be used in designing other than Kellogg chimneys, though similar 
diagrams and tables could be prepared to aid in the design of common brick 
chimneys or other types of radial brick chimneys. If preferred, the data in 
Tables 6, 7, 8 and 9 may be expressed in the form of diagrams and curves for the 
convenience of the designer. 

Table 0 shows the internal top diameters and external bottom diameters of 
round chimney shafts. It should be noted that chimneys of different heights have 
different batters” for the outside of their walls; consequently, when using the 
table, the proper outside diameter for the required height should be chosen and no 
attenti()n paid to the diameters for intermediate heights. The wall batter is a 
constant for any one chimney. 

Table 7 shows the wall thicknesses of Kellogg radial brick chimneys and is self- 
explanatory. The length of each vertical section is taken as 20 ft. and the wall 
thickness varied to give a good design. The wind pressure is taken as 25 lb. per 
sq. ft. on the projected area and the masonry is assumed to weigh not less than 
120 lb. per cu. ft. The in(‘asuremejnts are taken from the clhrnney top down. 


Table 7. — Wall Thickness of Kkllooo Chimneys 


Distance from top Vertical section Wall thickness 

of chimney (ft.) No. (in.) 


Top-20 

1 

7.50 

20-40 

2 

9.00 

40-60 

3 

11.75 

00-80 

4 

13.25 

80-100 

5 

15 25 

100-120 

6 

10.75 

120-140 

7 

18.25 

140-100 

8 

20.25 

160-180 

9 

22.25 

180-200 

10 

24 00 

200-220 

11 

26.00 

220-230 

12 

28.00 


The weights of Kellogg peforated radial brick chimneys of different diameters 
and heights are given in Table 8. This table gives the dead load due to the weight 
of the round shaft alone and does not include the weights of the lining, base, and 
foundations. The weights are given to the nearest 1,000 lb. These values are 
taken from the M. W. Kellogg Company’s curves. 

The width in feet of the bottom of the foundation required for Kellogg 
chimneys is given in Table 9. These foundations are octagonal in shape and the 
sides are stepped. The material is concrete of a 1 : ; 5 mix of cement, sand, and 
stone or gravel which is assumed to weigh about 145 lb. per cu. ft. The values 
in the table are taken from curves used by the M. W. Kellogg Company. The 
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Tahle 8. — Wei«iit of Koond SiiAFr 


Internal to]) diameter in feet 


Height of 

,3 

4 

r 

i 5 

6 

7 

8 

9 

10 

shaft (ft.) 








1 


1 

Weight of shaft in thousands of pounds 


75 

. 125 

1 

j 140 

; 165 

195 





80 

140 

100 

: 185 

210 





90 

180 

1 195 

220 

245 





100 

220 

240 

200 

285 

; 325 

360 



110 

265 

' 2S5 

310 

335 

375 

415 



120 

315 

340 

370 

395 

j 435 

475 



125 

315 

370 

400 

430 

470 

510 

550 

600 

130 


405 

435 

465 

, 505 

545 

590 

635 

140 


475 

510 

510 

580 

620 

655 

1 715 

150 


555 

590 

620 

660 

705 

750 

800 

160 


635 

680 

715 

750 

805 

845 

895 

170 


725 

775 

820 

850 

910 

950 

1,000 

175 


770 

825 

875 

900 

960 

1,005 

1,055 

180 





1 960 , 

1.020 

1,065 

1,110 

190 





1,070 

1,140 

1,185 

1,235 

200 

... 1 



... 1 

1,200 1 

1,265 

1,315 

1,370 

210 

... 1 

... 


1 



1,455 

1,520 

220 

i 

• • I 






1,610 

1,685 

225 





i 

; 

1,690 

1,775 


maximum allowable compression on the soil has been taken as 2 tons per sq. ft. 
— ^about 28 lb. per sq. in. 

Table 10 shows the normal total depth of foundation for Kellogg chimneys 
based on a bearing value for the soil of 2 tons injr sq. ft. 

A drawing of a typical Kellogg chimney, built round for the entire height and 
with no base, is shown in Pig. 2. Attention is called to the method of using I- 
beams for supporting the masonry over the flue opening and also to the method 
of enlarging the brickwork around the flue opening. Note the wrought-iron rings 
embedded in the masonry at the top and above and below the flue opening. In 
this chimney the lining is not built up from the foundation but rests on brickwork 
corbeled out from the chimney walls 2 ft below the bottom of the flue opening. 

Figure 3 shows a typical Kellogg chimney with an octagonal base containing 
the flue opening. Note the different methods of constructing the base so that it 
will fit in with a building wall. When the base has two flue openings, the 
baffle plate is not placed perpendicular to the axis of the flue opening, but is con- 
structed at an angle as shown. This arrangement of the baffle plate permits a 
better flow of the gases from the flue up the chimney. Figures 2 and 3 show 
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Table 9. — Width op Bottom op Octagonal I^oundation Required for Per- 
forated Radial Brick Chimneys 
(Based on a Soil Bearing Value of Two Tons per Square Foot) 





Internal top diameter 

in feet 



Height of 
chimney (ft.) 

3 

4 

5 

! 1 

: ^ ! 

7 

! 

8 

9 

! 

1 



Width of bottom slab 

of foundation in 

feet 


75 

10.0 

10.5 

11.5 

12.5 





80 

10.5 

11.0 

12.0 

13.0 





90 

11.5 

12.0 

13.0 

13.75 1 





100 

12.5 

13.0 

14.0 

14.75 

15.5 

10 0 



no 

13.5 

14.25 

15.0 

15.5 ! 

16.5 

17 0 



120 

14.5 

15.25 

16.0 

16.5 1 

17.5 

18.0 



125 

15.0 

16.0 

16.5 

17 2.5 i 

18.0 

18.5 

19.5 

20.5 

130 


16.5 

17.25 

17.75 

18.75 

19.25 

20.0 

21.25 

HO 1 


17.75 

18.5 

18 75 

19 75 

20 25 

21.0 

22.25 

150 

1 

19 0 

19.75 

20.0 : 

21.0 

21.50 

22.25 

: 23.50 

160 


20.5 

21.0 

21.5 ; 

22.5 

23.0 

23.5 

' 24.75 

170 


22.0 1 

22.5 

2:1.0 ' 

23.75 

24.25 

25.0 

! 26.25 

175 


22.5 

23.0 

23.75 ' 

24.5 

25.0 

25.75 

i 27.0 

180 





25.5 

20.0 

26.5 i 

1 27.5 

190 

! 




27.0 

27.5 

28.25 ! 

29.25 

200 

. . . . i 




28.5 

29.0 

29.75 

30.75 

210 







31.5 

32.5 

220 







33.0 

34.25 

225 







34 0 

35.0 

Table 10. — Normal Total Depth op Foundation 
(Based on a Soil Bearing Value of Two Tons per Square Foot) 


Size of chimney 


Total depth 
of founda- 
tion (ft.) 


75 ft. X 3 ft. up to and including 100 ft. X 6 ft. 

100 ft. X 7 ft. up to and including 100 ft. X 8 ft. 

125 ft. X 3 ft. up to and including 125 ft. X 8 ft. 

125 ft. X 8.5 ft. up to and including 125 ft. X 10 ft. 

150 ft. X 4 ft. up to and including 150 ft. X 8 ft. 

150 ft. X 8.5 ft. up to and including 150 ft. X 10 ft. 

175 ft. X 4 ft. up to and including 175 ft. X 9 ft. 

175 ft. X 10 ft 

200 ft. X 7 ft. up to and including 200 ft. X 9 ft. 

200 ft. X 10 ft 

225 ft. X 9 ft. up to and including 225 ft. X 10 ft. 


4.50 
5.00 

5.00 

6.00 
6.00 

6.50 
6.75 

7.00 

8.00 
9.00 

10.00 
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typical designs of radial brick chimneys constructed for industrial power plants 
where the flue gas temperatures are comparatively low. 

32. Construction of Brick Chimneys. — Before beginning the actual con- 
struction of the chimney, space must be procured for the storage of the materials 
to be used. Dry storage must be provided for such materials as cement and lime 
which would be injured by exposure to the weather. An adequate supply of good 
water should be providc'd; a connection to the city water mains is usually 
satisfactory. One side of the chimney should be left open for the hoisting of 
materials. 

The excavation for the foundation should be carefully made and the soil at the 
bottom left smooth and firm. All loose material should be removed and, when 
necessary, should be re])laccd by good soil firmly tamped in place. The 
foundation is usually octagonal or circular in shape with smooth or stepped sides. 
Concrete masonry is commonly used. Forms for the concrete arc more easily con- 
structed for the octagonal shape with stepped sides. The concrete materials 
should be carefully measured and thoroughly mixed before being deposited in the 
forms in layers not over 6 in. in thickness. Just enough water should be us(;d in 
the concrete to make a workable mix as an excess of water reduces the strength. 
The concrete foundation should preferably be allowed to set from two to four 
weeks b(jfore the construction of the shaft starts. The foundation is often built 
by a local contractor about a month or so before the chimney contractor arrives 
to build the shaft. 

Ill constructing an octagonal base of common brick, the workmanship is as 
important as the seh'ction of the brick and the mortar. For th(j octagonal corners, 
flat-iron brick or brick moulded with 45-deg, corners should bo used. All brick 
should be laid with a shoved joint and care taken to keep the outer faces of the 
walls smooth and vertical. Common bond is ordinarily used with header courses 
every third, fourth, or fifth course. Some engineers prefer English or Flemish 
bond. When the base is to form part of a side of the building, it should not be 
bonded to the building wall but should be constructed separately and a straight 
tongue and groov('d joint iirovided. 

In the construction of the shaft only skilled workmen should bo used. The 
batter is commonly determined by a template having one side vertical with an 
attached plumb bob and the other side cut to the batter. A spirit level is placed 
on top of the template. The brick layers work on a platform supported by two 
or four horizontal cross timbers laid across the brick work. A horizontal timber 
resting on well-braced upright posts above the platform carries a pulley block or 
blocks for the hoisting of materials. If the diameter is small, the materials are 
hoisted on the outside, but they may be hoisted on the inside if the chimney 
diameter permits. The hoisting line passes over the pulleys and to the drum of a 
hoisting engine on the ground. The work is chocked frequently by an inspector 
who makes measurements of the inside or outside diameter. A plumb line 
dropped from the platform at the center should hit the center of the base. The 
working platform must be raised from time to time. Wall bonding of radial 
brick should be made at every third course. Figure 4 shows the method of 
laying radial brick in the shaft. 

In constnicting the breech opening, care must be taken when placing the 
I-beams across the top of the opening to see that they rest firm and level on the 
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bearing plates and that space is left at their ends for expansion. There should 
be an outside filler wall to protect the I-beams from the weather and to improve 
the appearance of the shaft. The flat arch beneath the I-beams should be care- 
fully constructed so that it will not settle or sag. The wrought-iron or steel 
reinforcing rings above and below the opening must be placed in the masonry 
so that they will assist the masonry in resisting the temperature stresses. 

The head and cap of the chimney should be built so tliat there will be no 
cracking or disintegrating of the masonry at the top of the stack. 

The lining is usually constructed after the shaft is completed. Care must 
be taken to keep the inside lining walls smooth and vertical and to keep the outer 
lining walls away from the inner walls of the shaft. Two inches is the minimum 
space allowed between the lining and shaft walls at any place, and many designers 
require 3 or 4 in. Mortar and pieces of brick should not be permitted to drop 



Fi<}. 4. — M(*tho<l of bonding radiiil ))rif*kwork. 


in this free space. The top of the lining must be corbeled out toward the walls, 
or the walls of the shaft corbeled out, over the lining, to prevent soot and ashes 
from falling into this free space. As the vertical expansion of the lining will 
be more than that of the shaft walls, provision for this must be made. 

The ladder, block and cable, and lightning conductor should be properly 
constructed as it is expensive and often difficult to reconstruct these details. 

When lettering and trimmings are called for, these should be carefully and 
accurately done or else the appearance of the chimney may be marred. 

After the chimney is completed, the contractor is usually required to clean 
up the grounds and leave them in good condition. 

It is customary for the chimney contractor to carry all liability and damage 
insurance when constructing the chimney and it is also customary for him to 
guarantee the chimney against all defects due to design and workmanship for 
a period of about five years. 

33. Tacoma Smelting Company Stack. — This brick chimney, which is one 
of the highest in the world, was constructed by the Alphons Custodis Chimney 
Construction Co., New York City, for the Tacoma Smelting Co., at Tacoma, 
Wash The foundations, which were designed and constructed by the smelting 
company, presented some difficulties which were successfully overcome. The 
computed maximum pressure on the foundation base is 5 tons per sq. ft. due 
to the weight of the stack, lining, foundation, and the wind pressure for a wind 
velocity of 125 mi. per hr. The details of the foundation and shaft are shown 
in Fig. 5. It should be noted that the lining is constructed in about 25-ft. 
sections which are supported on corbels from the stack walls. For a more 


o 

ID 



Fig. 6.— Base and shell details of Tacoma stank. 
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complete description of this chimney and especially of its foundations, sec the 
Engineering News-record of April 4, 1918, Vol. 80, p. 644. 

34. Braender Tire and Rubber Company Chimney. — This chimney is typical 
of the average radial brick chimney constructed for most industrial power plants. 





Fig. 6. — Elevation and section of Fig. 7. — The Braender Tire and Rubber Company 
a radial brick chimney built by the chimney completed. 

Heine Chimney Company. 

Figure 6 shows the details of the shaft and Fig. 7 is a reproduction of a photograph 
fAlfPn after the chimney was completed. This chimney was designed and con- 
structed by the Heine Chimney Company, Chicago, III. Note that lower 
part of the shaft is constructed in 15-ft. sections and the upper part in 20-ft. 
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sections and that the lining extends only a short distance up the shaft because 
of the low temperature assumed for the flue gases. 

36. Design of a 180-Ft. Perforated Radial Brick Chimney. 

36a. Statement of Problem. — Design a perforated radial brick chimney and 
foundation for the following conditions: 

Height above foundations = 180 ft. 

Internal top diameter = 7.5 ft. 

Lining = 42 ft. high from a point 2 ft. below the bottom of the breech opening, to be of 
4>i-in. radial fire brick. 

Size of breech opening = 5.00 ft. by 9.75 ft. and bottom of brooch opening is to bo 14 ft. 
above top of foundation. 

Wind pressure = 25 lb. per sep ft. on the vertical projection. 

Brick for shaft = perforated radial lirick. 

Weight of brick masonry in shaft =120 lb. per cu. ft. 

Foundation = To bo of plain concrete of 1:2] 2 niix. Octagonal shape with stepped 
sides. 

Allowable soil pressure = Three tons per square foot compression and no tension. 

Unit stresses = Allowable unit compression stress in perforated radial brick work is 200 
lb. per sq. in. on the gross section. 

Allowable unit tension stress in perforated radial brickwork is taken as 
H of the allowable unit compression stress, or 33H lb. per sep in. 

365. Design of Shaft. — 'l"ho wall thickness for the top and upper section of 
the shaft will be taken as 7.5 in. making the external top diameter 8.75 ft. 

The length of each vertical section will be taken as 20 ft., giving 9 sections for the 
shaft. 

The batter will be taken as Jio approximately. "I’hen the exteinal diameter at the 
bottom of the shaft should be 8.75 + (2)(l80)(’^o) = 15.95 ft. 

The approximate wall thicknesses for each vertical section will be, using formula (see 
Art. 24) 


Section from top 3 4 5 | G 7 j 8 9 

Wall thickness (inches) . 11 13 15 I 17 19 ■ 21 23 

With perforated radial brick, wall thicknesses to the nearest quarter inch or half inch 
may be used. Consequently, stress computations may show that the wall thicknesses 
computed should be increased or decreased a little for each section. 

The next step in the design is to prepare a form of tabulation for recording the partial 
and complete results of the computations for the various vertical sections. Figure 8 shows 
a suitable form. 

Considering the first (upper) vertical section and using the formulas in Art. 27o, com- 
putations for wind pros^sure, weight, unit stresses, etc., are made as follows: 

The area of the bottom of the section is given by the formula, irl{D — 0. and equals 

(3.1416) (^)(9-55-^J) =17.67 sq.ft. 

The section modulus of the bottom of the section is given by the formula 
547r(D» + d2)(D»-d*) 216A(D* + d*) 

D ' D 

Substituting, the section modulus = [(9.55)* + (8.30)*] 63,700 in.* 

The weight of the first section is given by the formula TFi [(Di*— di*) -f (Di*~di®)]wh 

orTFi »=g[(9.65* - 8.30®) +(8.76* — ^*)](120)(20) » 40,3001b. Perhaps the formula, 
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Wi =2 + Z>« — 2/i], is a better formula to use, especially for the succeeding 

vertical sections. Substituting in this formula, 

W, = (^ ) (120) (20) (^)[ 9.55 + 8.75 = 40.3001b. 

The total wind pressure above the bottom of any section equals the average external 
diameter of the section times the lieight of the section times the wind pressure in pounds per 
sriuare fooJ on the projected area. For the first section, the wind pressure c<iuals 

9.55 + 81-'’(20)(25) = 4,5751b. 

The formula for the bending moment due to the wind about any horizontal section is 

M = 2pJiHD + 2Dt) 

Fur the first section, the bending moment of the wind about the base of the section equals 
M = (50) (20) 2(9.55 + 16.50) = 521,000 in.-lb 
The unit shear in lb. per sq. in. at the liase of any vertical section equals 
wind pressure above the base of section in pounds 
1 44 X area of base in square feet 

At the base of the first section the unit shear in pounds per sipiare inch equals 

4,575 , „ „ 

(144)(17.57)' 

The unit shearing stress on any horizontal section is so small that the computations for shear 
could be neglected. 

The unit compre.'ssive stress in pounds per square inch at any horizonlal section due to 
the weight of the shafl above the section equals 

weight of^haft above horizontal section in pounds 
144 X area of horizontal section in siiuare feet 
At the base of the first vertical section, the unit compressive stress due to the weight of the 
shaft above eijuals 

(144)(l7:6^ “ 

The unit stre.ss in pounds per scpiarc inch on any horizontal section due to the bending 
moment of the wind eiiuals 

wind moment abou^horizontal section in inch -pounds 
section modulus of horizontal section in inches’ 


At the base of the first vertical section the unit stress caused by the bending moment of the 
wind equals 


521,000 

63.700 


±8 lb. per sq. in. 


This unit stress will be tension on the windward side and compression on the leeward side. 

The maximum unit stress on any horizontal section will be compression and will erpial 
the sum of the unit stresses due to weight of shaft and the wind bending moment. At the 
base of the first vertical section the maximum unit stress etjuals 

i 16+8 — 24 lb. per sq. in., compression 

The minimum unit stress on any horizontal cross-section will equal the difference 
between the unit stress due to weight of shaft and the unit stress duo to wind bending 
moment. If the unit stress due to weight of shaft is the greater, the minimum unit stress 
will bo compression. If the unit stress due to the wind bending moment is the greater, 
the minimum unit stress will be tension. 

The computations should be repeated for the horizontal base section of each succeeding 
vortical section and the values found placed on the design sheet. 

On looking over the results on the design sheet it is seen that the allowable unit stresses 
in tension and compression are but a little greater than the computed stresses for the last 
(ninth) vertical section. The tabulation shows that the shaft walls in some vertical sec- 
tions could be made thinner, but this would reduce the weigth of the stack and would 
increase the tension stresses in the lower part of the stack. This in turn would require an 
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increase in the thickness of the lower walls of the shaft and most of the gain would be lost. 
Further, the lower portions of the shaft are necessarily built first and have an opportunity 
to attain their strength before being subjected to the larger unit stresses. The upper por- 
tions of the shaft do not have such a good opportunity to age and obtain their strength and, 
consequently, many designers favor the reducing of the allowable unit stresses in the upper 
portions of the chimney. As a whole, the design of the shaft may be considered 
satisfactory. 

36c. Design of Breech Opening. — As stated in Art. 36a, the required size of 
the breech opening is 5 by 9.75 ft. giving an area about 10.3 per cent larger than the internal 
area of the top of the shaft. The brickwork around the flue opening should be corbeled 
out as shown in Fig. 2 to make up for the brickwork removed for the opening and also to 
provide a firm support for the end of the breeching. The inner surface of the breech 
opening should be lined with firebrick of the same character as those used in the lining of 
the shaft. 

For reinforcement, four 6-in. 14.75-lb. I-beams about 7 ft. 3 in. long should be placed 
above the opening. These I-beams should rest on flat steel bearing plates H or H in. 
thick. A space of about 2 in. should be left free at the both ends of the I-beams to allow for 
exi)ansion. A wrought-iron ring, H in. by 3 in. should be placed aVjout 3 ft. below the open- 
ing and a similar ring about a foot above the I-beams above the opening. 

A flat arch consisting of two courses of brick and having a rise of about M in. or H in. for 
each foot of flue opening width should be constructed at the top of the opening. Figure 2 
shows details of a flue opening of this type. 

36d. Design of Details. — The details in the design of a brick chimney usually 
include the reinforcing rings, the lining and lining supports, toj) cap, ladder, block and cable, 
lightning conductor, and clean-out door. 

As this chimney is to bo constructed of perforated radial brick, no reinforcing rings are 
required other than those at the top of the shaft and above and below the breech opening. 

The lining is to bo built of 4>4-iri. radial firebrick and is to bo 42 ft. high beginning at a 
point 2 ft. below the bottom of the breech opening or 12 ft. above the foundation. The 
outside diameter of the lining should bo such that the minimum air space between the lining 
and the chimney walls will be 2 in. The shaft vralls should bo built out as shown in I^'ig. 2 
to support the lining. The top of the lining should bo built out .so that it comes to within 
2 in. of the shaft walls. AI)out 2 in. above the top of the lining, two rows of brick In the 
shaft walls .should be built out about 4 or 5 in. into the interior of the shaft so that there will 
bo no danger of soot, etc. falling in.sido the air space. The inside di;imcter of the lining is 
10.50 ft. at the bottom and 9.50 ft. at the top. 

The top cap should be of 1 to 3 Portland cement mortar and should have a H by 3 -in. 
wrought-iron retaining ring set in a full bed of the mortar. Wrought iron is usually con- 
sidered to offer a greater resistance to rust than steel does. The top section of the chimney 
should be belled out to give it a pleasing appearance. 

The ladder is to bo coiistnictcd on the inside of the chimney shaft. Galvanized iron 
rungs about H in. s(iuaro or K in. in diameter bent in shape of a “U” are satisfactory. 
They should bo spaced about 15 in. apart and should project from 4 to 6 in. from the wall. ’ 
The rungs should have hooked ends and should be securely fastened in the masonry. 

A 4- or 5-in. bronze pulley is to be securely fastened to the masonry at the outside of the 
top of the stack. A ^fe-in. galvanized wire cable, equal to twice the length of the chimney, 
is to be run through the pulley and the ends attached to a cleat near the base of the shaft. 

The lightning rods shall consist of 4 points equally spaced around the top of the shaft. 
Each point shall consist of a platinum tipped H~in. copper rod, 8 ft. long. The lower ends 
of the rods shall bo securely fastened and soldered to a H-in. copper cable extending com- 
pletely around the chimney about 4 ft. from the top. This cable and the points should also 
be securely anchored to the masonry. The down cable shall be a >^-in. copper wire 
extending from the circular cable down to a copper plate buried in the ground below the 
foundations. This down cable shall be securely anchored to the outside of the chimney 
walls by brass anchors about 8 ft. apart which are sufficiently strong to support the weight 
of the cable. 

A standard cast-iron clean-out door, 24 by 36 in. in size, with a cast-iron frame, should be 
placed at the base of the shaft about a foot above the foundations and preferably on the aide 
opposite from the breech opening. 
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85e. Design of Foundations. — The foundations for this chimney are to be of 
plain concrete of a 1 : 2H : 5 mix. The shape is to be octagonal with stepped sides. The 
maximum pressure on the bottom of the foundation is to be limited to 3 tons per sq. ft. and 
there is to be no tension. Referring to Tables 9 and 10, a trial width of 25.5 ft. for the 
bottom slab and a depth of 7 ft. will be chosen. The width of the top slab of the foundation 
will bo taken as 19.5 ft., and there will be 4 steps, 19.5, 21.5, 23,5, and 26.5 ft. in width 
respectively. 

The 'weight of the shaft is 994,800 lb., from Fig. 8. 

The weight of the lining will be assumed at 120 lb. per cu. ft. Since the average inside 
diameter is 10 ft., and the height is 42 ft., the weight of the lining equals 

(J20)(42)m(Y/’)(i‘> +^'S) 

= (5.6 10) (10.35) = 58,100 lb. 


'I’hc weight >of the foundation, assuming the concrete to weigh 145 lb. per cu. ft., equals 
(145)(2K2)(0.828)[(25.5)» + (23.5)2 + (21..5)2 -f (19.5)*) = (210.1) (2.045) = 429.700 1b. 

The overturning moment, due to the wind, about the bottom of the foundation equals 
(sec Fig. 8 for value.s) 

52,569,000 -f (55,57.5) (7) (12) = 57,2.37,000 in.-lb. 

The section modulus of the octagonal base of the foundation equals 
(190)(25.5)3 3.150.500 in.*^ 


The area of the bottom of the foundation equals 

(119)(2.5.5)2 = 77,.380 sq. in. 

The maximum and minimum unit stresses on the foundations are given by the formula 
P . Mv 
A - I 

P = 994,800 + 58,100 + 429,700 = 1,472,600 lb. 

A — 77,380 sq. in. 

^ = 3,150,500 in.» 

V 

M = 57,237,000 in.-lb. 

, 1,472,600 , .57,237,000 

Maximum unit compressive stress = -f 


— 19.0 + 18.2 == 37.2 lb. per sq. in., compression 
which is equal to 2.68 tons per sq. ft. compression. 

The minimum unit stress will c(iual 
19.0 — 18.2 = 0.8 lb. per sq. in. compression 
which is C(iual to 0.0576 tons per sq. ft. If the weight of the lining is omitted, which 
gives the most dangerous condition, the minimum unit stress will equal 


M14,500 

77,380 


18.2 = 18.3 - 18.2 


= 0.1 lb. per sq. in., compression. 


Hence there will bo no tcn.sion on the base of the foundation. 

Kven though this si/.o of foundation does not give the maximum unit stress permitted, 
it is as small as it can bo made without having tension on some portion of the base. 

35 /. Drawings Required. — The drawings mentioned below are required for 
this design. An elevation as shown in Fig. 2 should bo drawn to scale with all dimensions 
given. A satisfactory scale is H in. to 1 ft. Dot;iilod drawings should show a plan of the 
foundation, a cross section through the breech opening, a section showing the location of I- 
beams over the breech opening, a partial section of the top showing the corbeling out of 
the top of the chimney, the cap and retaining ring, the lightning conductor, and the pulley 
block and cable. If necessary, other detailed drawings should be pro-vided for the ladder 
rungs, lightning rod anchors, pulley block anchor, cast-iron clean-out door and frame, 
and all ornamentation appearing on the chimney. Except for the smaller details, a scale 
of H in. or H in. to the foot is usually satisfactory. Figures 2, 3, 5, and 6 show in 
general what the drawings should include. 
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REINFORCED CONCRETE CHIMNEYS 

The use of reinforced concrete for chimneys begcan during the first part of 
the twentieth century. The first chimneys of this kind were more or less experi- 
mental in character but, as more knowledge was obtained concerning the 
materials, design, and construction of reinforced concrete chimneys, it was found 
that chimneys of this type could be built which compared favorably with those 
of radial brick and steel. 

The essential features of a reinforced concrete chimney arc shaft, lining, and 
footing or foundation. The shaft is above the ground and is exposed to the action 
of the wind. The lining is usually constructed independently of the shaft and 
is inside the shaft with an air space of from 2 to 4 in. between the lining and the 
shaft walls. The lining is usually built from the top of the footing up. The 
footing is a reinforced concrete slab supporting the shaft and lining. The shaft 
must be securely connected to the footing so that stresses in the shaft may be 
safely transferred to the foundation. 

At the present time, practically all of the rcinforcod-concrete chimneys con- 
structed are of the tai)ered type (conical section). The tai)er improves the 
appearance of the chimney besides giving an increase in diameter at the base 
which is of advantage in the design. The wall thickness increases uniformly from 
the top to the base. Reinforced concrete chimneys in which the wall thickness 
is increased by offsets are rarely constructed now as it has been found that the 
temperature stresses frequently cause cracking at the place of offset. 

lleinforced concrete’ chimneys have been safely constructed and used in 
almost every locality and for almo.st every purpose. Chimneys of this type have 
been constructed with heights up to 570 ft. and diameters up to 30 ft. or more. 
Chimneys of reinforced concrete may be reinforced for earthquake shocks, are 
usually lighter than brick chimneys of the same capacity, and have a longer 
“life” than steel chimneys. 

36. Concrete Materials. — The cement should be Portland eement which 
passes the specifications of the American Society for Testing Materials. It should 
be stored until used in a suitable weather-tight building which will protect 
the cement from dampness. 

The fine aggregate should be sand, crushed rock screenings, or air-cooled 
blast furnace slag screenings. The fine aggregate should be graded from fine to 
coarse and all should pass a K-in. sieve when dry. No injurious amounts 
of friable material, clay, loam, organic matter, or other impurities should be 
present in the aggregate. It is always advisable to screen and wash the fine 
aggregate. 

The coarse aggregate should be well graded, clean, hard, and durable crushed 
rock, gravel, or air-cooled blast furnace slag. It should be free from all injurious 
matter. When necessary, the coarse aggregate should be washed and screened. 

The water used in the concrete should be free from acid, oil, alkalies, or 
organic matter. 

37. Reinforcement. — Reinforcing steel should pass the specifications of the 
American Society for Testing Materials for billet steel reinforcement. Cold 
drawn wire (or wire mesh) used for temperature and torsional reinforcement 
should have an ultimate tensile strength of from 75,000 to 85,000 lb. per sq. in. 
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The reinforcement should be free from paint, scale, excessive rust, etc., which 
would tend to reduce the bond between the steel and the concrete. 

38. Design in General. — In general, the design of a reinforced concrete 
chimney should satisfactorily cover the following points: 

(а) Unit stresses should be used for the concrete and the steel which are 
accepted as good practice by most engineers. 

(б) Proper concrete materials for the concrete and reinforcing steel that 
passes the A.S.T.M. specifications should be chosen. 

(c) A concrete mix should be selected that will give the required strength. 

(d) The walls of the shaft should be battered so that the chimney will have 
a good appearance. 

(e) The wall thickness should be as thin as practicable to help keep down the 
temperature stresses. 

(/) Sufficient steel reinforcement should be provid(‘d to resist: 

Tension stresses due to wind. 

Diagonal tension strc'sscs. 

Temperature strosst^s. 

Stresses caused by earthquakes (in some localities only). 

(ff) The concrete sliould be increased around the Hue opening to coinp(‘nsato 
for that removed and extra reinforcement should be added. 

(h) Extra reinforcement should be added where the inner wall of the shaft 
is corbeled out to project over top of lining. 

(i) The lining should be of good materials and of sufficient height. 

(j) An air space should be provided between lining and shaft. 

(k) Good judgment must be used in estimating soil conditions and allowable 
bearing pressures. 

(Z) The footing should be made large enough and be reinforced sufficiently. 

(m) The shaft must be i)roi)crly connected to the foundation. 

39. Batter of Walls. — Battering the walls of the chimiKiy serves two purposes, 
namely to improve the appearance of the shaft and to incnjasci the diameter as 
the base is approached. This increase in diameter permits the use of thinner walls 
without increasing the unit stresses. 

The amount of batter depends on the designer's opinion. A wall batter of 
1 in 75 or 1 in 80 is common, though batters varying from 1 in 50 to 1 in 100 have 
been used. A chimney with an outside top diameter of 10 ft., a height of 150 ft. 
and a batter of 1 in 75 would have an outside bottom diameter of 14 ft. 

40. Thickness of Walls. — ^The thickness of the walls of the shaft is generally 
increased uniformly from the top to the base. This increase in thickness depends 
on the wind pressure, the diameter of the shaft, the batter of the shaft walls, and 
the unit stresses allowed. No simple formula has been deduced for determining 
the required increase in the thickness of the- shaft walls and, consequently, the 
empirical rule of increasing the wall thickness 1 in. for every so many feet of height 
has been adopted. 

An examination of chimneys already built shows that an increase in wall 
thickness of 1 in. for about every 20 or 25 ft. increase in lieight is about the 
average, though increases in wall thicknesses varying from 1 in. in 15 ft. to 1 in. 
in 30 ft. have been used. A wall thickness increase of 1 in. in 20 ft. seems fair 
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for a wall batter of 1 in 100, and 1 in. in 25 ft. for a wall batter of about 1 in 75. 
It should be remembered that these rules are only approximate and that designing 
experience and judgment are required in <letermining the proper wall batter and 
the correct increase in wall thickness needed to produce an efficient design in any 
particular problem. 

The thickness of the shaft wall at the top depends on the inner diameter of the 
chimney and on the judgment of the designer. A thickness of less than 4 in. 
should not be used. The following values have been found satisfactory in many 
instances : 


Table 11 


rillCKNEHS OF WALfi 

AT Top of Shaft 

4 in. 

5 in. 

B in. 

7 in. 


InSIHK DlAMKTEJt OF 
SlIAI-T AT 'I’OP 

Up to 8 ft. 

From 8 ft. to 12 ft 
From 12 ft. lo 18 ft 
18 ft. and over 


41. Allowable Unit Stresses. — There is some difference of opinion among 
engineers regarding the allowable unit stresses to be used for concrete and other 
conditions to be met when designing reinforced concrete chimneys. 

Practically all agree that the tensile strength of the concrete should be neglected 
when com])uting tensile stross(\s hi the reinforcing st(‘cL 

Some omit the compression strength of the steel while others include it when 
computing the compression stresses in the concrete. It is believed that most 
designers now favor the omission of the compression strength of the steel in this 
instance. 

The maximum allowable tensile stress in the steel is usually taken as 16,000 lb. 
per sq. in., though this maximum value is not often attained when designing high 
reinforced concrete chimneys of comparatively small diameters. Slightly higher 
unit stresses are permitted for special steels of greater strength. 

The maximum allowable compnissive stress in the concrete (assuming a 2,000 
lb. per sq. in. concrete at an age of 28 days) varies from 3(X) to 700 lb. per sq. in. 
though most engineers arc now' using the conservative values of 350 or 400 lb. 
per sq. in. A value of 350 lb. per sq. in. is recommended. 

The ratio of the modulus of elasticity of steel to the modulus of elasticity of 
the concrete is usually taken as 15. 

The maximum allowable unit shear in the concrete is usually taken as 40 lb. 
per sq. in. unless shearing (diagonal tension) reinforcement is provided. When 
such reinforcement is provided, values of 80, 100, 105, and 120 lb. per sq. in. 
have been used. A fair value is 100 lb. per sq. in. 

In designing the foundation, the unit tensile stresses in the steel are taken 
at 16,000 lb. per sq. in., the unit compressive stresses in the concrete are taken as 
450 lb. per sq. in. for bearing and 650 Ib. per sq. in. in bending, the unit shearing 
stress is taken as 40 lb. per sq. in. when no shear reinforcement is provided, and 
as 100 lb. per sq. in. when shear reinforcement is provided, and as 120 lb. per sq. 
in. for punching shear. 

The following allowable soil pressures are taken from the allowed bearing 
values on soils in tons per square foot as given by different city regulations: 
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Table 12. — ^Allowable Soil Pressube 

Kind of boil 

Alluvial soil 
Soft or wet clay 

Dry clay; fine, clean dry sand, or cl ly and sand m layers 
Firm dry loam, or hard dry clay 
Compact coarse sand, gravel or natural earth 
Coarse gravel, stratified stone and clay, well-cemented gravel <ind 
sand, or inferior rock 
Good hard pan, or hard shale 
Good hard native rock 
Very hard bedrock, or rock under caisson 

42. Design Specifications. — The following specifications for design are taken 
from the “ Recommended Specifications for Design and Construction of Tapeimg 
Reinforced Concrete Chimneys’^ as given in the 1922 Proceedi7igs of the American 
Concrete Institute. While many engineers take exception to some parts of these 
specifications, it is believed that these specifications include what is regarded 
as good practice among most engineers, and, consequently, these specifications 
will be followed in developing the design formulas in later paiagraphs. 

Design, — In designing the chimney the following primary assumptions 
shall govern: 

(1) A plane section before bending remains plane after bending. 

(2) The thickness of the wall at any horizontal section shall be constant. 

(3) The temperature and torsional stresses shall be properly provided for 
with reinforcement. 

(4) The temperature and torsional reinforcement shall be spaced not more 
than 6 in. apart horizontally, and the distance from the face of the wall to the 
reinforcement shall not be more than 3 in. 

(5) A wind pressure due to a wind having a velocity of 100 miles per hour for 
the entire height of the chimney. 

(6) Weight of the reinforced concrete — 150 lb. per cu ft. 

(7) The tensile strength of concrete is to be neglected when computing for 
tensile stresses in the reinforcing steel. 

(8) The compression strength of the steel is to be neglected when computing 
for the compression stresses in the concrete. 

(9) Maximum allowable compression stress in concrete — 350 lb. per sq. in. 

(10) Maximum allowable tensile stress in open hearth steel — 16,000 lb. per 
sq. in. 

(11) Maximum allowable tensile stress in cold drawn steel — 18,000 lb. per 
sq. in. 

*(12) Maximum allowable shear in concrete shall not exceed 40 lb. per sq. in,, 
unless shear reinforcement is provided, in which case the shearing strength shall 
not exceed 100 lb. per sq. in. 

(13) The full strength of the bars shall be assumed to be developed by tb^ 
imbedment of the bar equal to forty times its diameter. ^ 


Pressure (tons 
per sq. ft.) 

0 5 

1 0 
2 0 

3 0 

4 0 

6 0 to 8 0 
8 0 to JO 0 
10 0 to 20 0 
15 0 to 25 0 
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(14) The foundations shall be reinforced with steel bars to act as a cahtilever - 
footing.” 

' 48, Formulas for Weight of Shaft and Wind Moment— As the sl^t is a 
hollow frustum of a cone, its weight is given by the formula: 

^(A + VaT.+A.) 

'where 

W = weight of shaft in pounds. 

A = net area of base in square feet. 

At == net area of top in square feet. 

A,= height in feet. 

160 = weight of concrete in pounds per cubic foot. 

Since - 

A — 

a2)d2) 

where 

r = average radius of base wall in inches. 

( = thickness of base wall in inches. 


and 


where 


. _ 27rri/i 

( 12 )( 12 ) 


ri = average radius of top wall in inches. 
ti = thickness of top wall in inches. 

substituting values for A and At, the formula for the weight of the shaft becomes. 


” V (rt)(n*i) + nil) 

= 2.lS2h^rt + \/ (rO(ri^i) + rih^ 


In Fig. 9, values of the expression 2.182 (rf + \/ irt)(riti) + rrfi) have been 
plotted for corresponding values of rt, which give the weights of chimneys 1 
ft. high for various inside top diameters and top wall thicknesses. To obtain the 
weight of a chimney of any height, find the value rt and the corresponding weight 
of chimney 1 ft. high, and then multiply this weight by the height in feet. 

If it is desired to express the weight in terms of the diameters, corresponding 
values may be substituted for A and A t 

. (D« - d») 

^ 4 " 144 


Ai 


TT (A* - A*) 
4 144 


where D » outside diameter of base in inches, 
d » inside diameter of base in inches. 

• outside diameter of top in inches. 
di diameter of top in inches, 

and ^ form^a reduces to 

: W - 0.2727*(l)* - d* + VU>* - d*){Di* - d,*) + D,* - d,*) 
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The bending moment due to the wind equals 

M = + 27A) (see Art. 27o) 

where 

, M = wind moment in inch-pounds. 

= wind pressure in pounds per square foot. 
h — height of shaft in feet. 

7) - outside diameter of base in inches. 

Dt — outside diameter of top in in dies. 

Assuming a wind pn'ssure of 25 lb. per sq. ft. on the vertical projected area of the 
shaft (see Art. 8 ). 

M - V’(/7 -f- 2DtW 

substituting 2r + t for D and 2?’i f- for Di 

M - V(2r + I + 4r, + 2t,)h^ 

X In Fig. 10, values of the exiiression + ^ + 4ri + 2ti) have bc(;n plotted 
for corresponding values of 2r + ^ or D, which gives the wind moments on chim- 
neys 1 ft. high for various inside top diameters and top wall thicknesses. To 
obtain the wind moment on a chimney of any height, find the value of the wind 
moment on a corresponding chimney 1 ft. high and multiply that value by the 
square of the h(»ight in feet. 

The eccentricity (distance from the center to the point where th(i resultant of 

M 

the wind pn'ssure and weight cuts the base) in inches is given by e = The 

€ . M 

ratio of which is used later in the design formulas for the shaft, is equal 

44. Shaft Design Formulas. 

44a. Direct Stresses Due to Wind and Weight — ^No Tension on 
Horizontal Cross-section. — When there is no tension (or at least no appreciable 
tension — say less than about 30 lb. per sq. in.) on the horizontal cross-section of 
the shaft and the effect of the compression in the steel is neglected, the following 
formula will apply: 

/ _ W , Mv 
“ A ~ / 

where 

fe = unit compressive stress in concrete in pounds per square inch. This 
stress is a maximum when the plus sign is used for the second term, 
and this maximum stress occurs at the extreme fiber on the leeward 
side of the shaft. 

This stress is a minimum when the minus sign is used for the second 
term, and this minimum stress occurs at the extreme fiber on the wind- 
ward side of the shaft. 

W = weight of shaft above section in pounds. 

A — cross-sectional area of base of shaft in square inches. 
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M = wind moment in inch-pounds. 

- = section modulus of section in in.* 

A = ^(2)* - d*) = 2irrt = 6.2832rt 

J' “ ^2\f2C<)^’‘' + 

= 0.3472^^(r< + Virtj^iU) + uk) 

I = = 0 982^^-+ ^ 

V 32 D * Z> 

It should be noted that 2) = 2r + ^ and that d — 2r — L These values for D 
and d may be used when convenient. 

The* maximum eccentricity permissible without causing tension on the section 
may be found by assuming the minimum unit stress equal to zero in the formula 

ir _ Mv 
A I 

and solving as follows: 



Transposing and substituting We for M 

Wev ^ W 

r A 

Cancelling W and substituting values for A and - 
c X 327) ^ 4 

7r(D‘'“ 

c X 8D ^ 

+ 6/2 

722 + fp 

® SD 

Substituting 2r + / for 7) and 2r — t for d 

^ ( 2 r _+/)2 + (^- J )2 
8(2r + /) 

In the average reinforced concrete chimney, t is quite small when compared to 2r. 

Neglecting /, the above formula becomes 

, 4r r el 

® "■ 8 “ 2 r ■" 2 

That is, the resultant of the weight and wind pressure must cut the base within 
one of the middle quarters if there is to be no reversal of stress on any part of the 
base section. When the resultant cuts the base at the outer edge of one of the 
middle quarters, the maximum stress will equal twice the average while the mini- 
mum stress will be zero. 

The formulas in this article are useful in designing the upper portions of rein- 
forced concrete chimneys where there is no tension on the horizontal sections, and 
also in designing entire ‘‘gravity” concrete chimneys where there is no tension on 
any horizontal section. 
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W Mv I 

In formula fc = if values are substituted for A and - and M, this 


formula becomes: 


We 


MMlSHljl 

""lilij 

KliiljSsSiHiiii 

Kiisilini 

KlMil 


li 


kie 8 !lll 3 IK 




isnci 


III 
III 

iciifiiliaini 

iiisnsnissii 


BSSI^SS9SiSiS!SS 


iSi 

IBII 


SHI 


■K9« 


JHI 
IK 

seiiai 


VS! 

!l! 


ilVBI 


iSSSSSS^ 

isigsr 

IIISSI 
isiir 
!li8! 


911 


ssiii 




BssBsnniniiSBi 


a? 

Ratio of ^ 

Fio. 11. — Direct stresses due to wind and weight in gravity section concrete chimneys. 

As the expression is approximately equal to or 4r, this latter value 

may be substituted and then 

.=ErL + ^1 = i:ri(i+^)i 

■'* r<L2ir^ 2irrJ rLlrV ^ r/J 
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W e 

This formula shows that there is a definite relation between /«, and - as 

Tt T 

long as there is compression over the entire horizontal section. Curves may be 
plotted as in Fig. 11 showing this relation, and these curves may be used for the 
design and checking of design of concrete chimneys and portions of concrete 

chimneys having no reversal of stress on any horizontal section; that is where 
is 0.500 or less. 

For plotting curves the following form of the formula is preferable: 


W 

rt 


27r/, 


I + 


2c 

r 


Illustrative Example. — Given a, gravity section concrete chimney having a weight of 
108,500 lb., a wall thickness of the base of 10 in., and an average radius of the base of C ft. 
2 in. (74 in.), and being subjected to a wind moment of 3,857,000 in.-lb. What is the 
maximum unit fiber stress? 


e 

r 


W 


rt 


M _ 3.857.000 

Wr ~ 108,500 X 74 
lOS^-iOO 


74 X 10 


= 1,407 


0.481 


Referring to the curves in Fig. 11, it is found that a unit at rcas of about 405 lb. ixt aq. in 

e IF 

corresponds with the values computed for ^ and 

It should be noted that the fc found as above is the unit stress in the concrete at a dis- 
tance r from the center of the section and is a little less than that in the extreme fiber. 'J'his 
difTcrcnce usually is le.ss than 5 per cent. 

When designing gravity section reinforced concrete chimneys the procedure is a little 
more dillic-ult. Usually the internal lop diameter, wall thicknesses at top and base, wall 
batter (and consequent ly the base diameter), and the allowable unit compressive stress 

e W 

are known or assumed. Then the values for M, IF, and , , are computed, and fc is 

r rt 

found from the curves. If this value of fc agrees closely with the allowable unit compres- 
sive stres.s, tlie design is satisfactory. If this value of fc disagrees with the allowable unit 
stress, either the diamtjter or the thickness of wall at the base of the chimney shaft is 
changed and the computations made again. Changing the outside diameter of the base 

c W . c 

changes M, IF, -- and . ' while changing the wall thickness at the base changes IF, - f and 
r rt r 


F. 

rt' 


An experienced designer will usually obtain a satisfactory design after a few trials. 


For the most efficient design, ^ = 0.50, and the unit stress caused by the weight is equal 
to that caused by the wind moment that is, 


IF 

A 


Mv 


and IFr = 2M 


Illustrative Problem. — Find r and t at the base of a gravity section reinforced concrete 
chimney having a height of 100 ft., an inside top diameter of 5 ft., and a wall thickness at 
the top of 4 in. Assume a wind pressure of 25 lb. per sq. ft. on the vertical projected area. 
Allowable unit compressive stress in the concrete = 350 lb. per sq. in. 

With a gravity section chimney of this height the allowable unit compressive stress 
in the concrete will not bo reached and the problem consists of finding an r and t consistent 

with good practice which will cause the ratio - to be 0.50 or slightly leas. 

Assuming the wall thickness to increase in. for every 20 ft. of height, t (at the base) 
will equal 4 in. + 7.5 in. or 11.5 in. 


-1 i » 
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Selecting a trial r of 90 in. 


(see Fig. 9) 
(see Fig, 10) 


rt = 1,035 2r + f = 191.6. 

W = (3,330) (100) = 333,000 lb. (see Fig. 9) 

M « (1,370)(100)2 = 13,700,000 in.-lb. (see Fig. 10) 

« ^ 13,700.000 ^ 

r (333.000) (90) * 

This value of ^ is a little small, but it may be ineroiiso<l by decreasing t or r or both. 


Decreasing r to 84 in., rl = 906 and 2r -f < = 179.5 in. 
W = (3,150)(100) = 315,000 1b. 

M = (1,320)(100)2 = 13,200.000 in.-lb. 

<’=. 13 . 200,000 
r (315,000) (84) 

which is close enough. 

Checking the unit strcs.s in the concrete by means of 
Fig. 11. 

which shows that this unit stress is considerably less than 
150 lb. per sq. in. 

W I / 2r\ 

(’hocking by formula: fc = ^ ) 


( 3 12 . 6 ) ( 2 ) 


(see Fig. 9) 
(see Fig. 10) 


[ 

H A-~* 


— 99.5 lb. per sq. in. 


Other combinations of r and t might also be selected which 
will give other solutions of the problem. 

It should be noted that a gravity section concrete chimney 
requires a large weight, and a correspondingly large diameter 
or wall thickness, in order to have no tension on any hori- 
zontal cross-section of the shaft. 


446. Direct Stresses Due to Wind and 
Weight-Tension and Compression on Horizontal 
Cross-section. — In deriving formulas in this article, 
the shaft will be considered as a hollow conical 
cantilever reinforced concrete beam subjected to 
a load (the weight) coincident with the axis and a 
transverse load (wind pressure). Besides the ordi- 
nary assumptions made in deriving a beam formula 
for reinforced concrete, it will also be assumed that 
the concrete takes no tension, that the steel takes 
no compression, and that the steel reinforcement may 
be considered as equivalent to a thin circular steel 
shell whose radius at any section is equal to the 
average radius of the shaft. 

Referring to Fig. 12, it is seen how the different 
forces act on the chimney shaft and how the combi- 
nation of wind and weight causes a displacement of 



Fio. 12. — Forces acting 
on a conical chimney shaft 
duo to weight and wind 
pressure. 


the neutral axis, which displacement may be to one side or the other of the center 


of the horizontal section. If the shaft was composed of one homogeneous 
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material capable of taking both tension and compression, the ordinary 
beam formula (weight divided by area plus or minus wind moment divided 
by section modulus) could be used. But, as steel and concrete are different 
materials and as the steel is assumed to take all of the tension and the concrete 
to take all of the compression, the old beam formula should not be used unless 
corrections are made in the section modulus to take care of the above assumptions 
and of the shifting of the neutral axis. Remember, that it is assumed that the 
steel takes all tension, which will be on one side of the neutral axis, and that the 
concrete takes all compression, which will be on the other side of the neutral axis, 
and also that the neutral axis will not coincide with the diameter. Using 
the old beam formula as it stands would mean that there would be compression 
over the whole sectional area due to the weight, that there would be compression 
on one side of the diameter due to wind moment, that there would be tension on 
the other side of the diameter duo to wind moment, and that the neutral axis was 
considered as coinciding with the diameter of the section in computing the stresses 
due to wind moment. 

The simplest method of securing the necessary formulas is to consider the 
shaft with the actions and reactions due to wind and weight, set up the funda- 
mental equations, and then (keeping in mind the assumptions made) derive the 
needed formulas. 

From Fig. 12 it is evident that 

(Total compression in concrete) — (Total tcjiision in stool) = (Weight of 
shaft) 

and also that, taking moments about the center of the section. 

Compression X distance to diameter + tension X distance to diameter = 
weight X eccentricity = wind moment. 

Let 

C = total compression resultant. 

T = total tension resultant. 

W = weight of shaft. 

M = wind moment. 

e = eccentricity. 

a = distance of C from diameter. 

h *= distance of T from diameter. 

Then the above equations become: 

C - T = W 

Ca+Th=-We^ M 

These two equations are the fundamental equations upon which the following 
design formulas are based. 

From Fig. 13, the compression area equals 2rtB and the tension area equals 
2pri(7r — ^), where 

B = angle in radians. 

r = average radius in inches. 

t s thickness of wall in inches. 

p « ratio of total steel area to total concrete area. 

(Usually expressed as a percentage.) 
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Hence, the compression and tension areas may be found for any value of the 
angle or for any position of the neutral axis as the value of the angle d locates 
the neutral axis. 

The distance from the diameter to the center of gravity of the circular arc 
representing the compression area may be found by calculus to be — ^ • Similarly 
the distance from the diameter to the center of gravity of the circular arc represent- 
ing the steel area mav be found to be^-'^ t 

IT — U 



Fia. 13. — Compression and tension areas on a horizontal seetiori of the shaft. 


The distance from the neutral axis to’ the centers of gravity of these two cir- 
cular arcs is: 

r ^ — cos for the compression area 


r ( + cos ^ for the tension area 


Attention must be paid to the sign of cos B as it is minus when B is between 90 
and 180 deg. 

The distance of the neutral axis from the compressive side of the shaft is 
given by: 

At = r(l — cos B) 

where A = (1 — cos B) 

Assuming that the unit stresses increase uniformly from the neutral axis 
to the extreme fibers, the average unit stresses will occur at distances from the 
neutral axis equal to the distances of the centers of gravity of their respective 
arcs from the neutral axis. Then, by similar triangles, it may be shown that 
the average unit compressive stress equals 

^ (sin ^ ^ cos B) 

/.(»vc.) e~ 

and that the average unit tension equals 

^ [sin B + (w — B) cos B] 

/.(avo.)-/. ^ ^ 
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The total compressive stress, C, will equal the average unit compressive 
stress times the compression area, or 


reducing. 


(sin ^ 0 cos 


„ / sin ^ cos d\ 

C - 4crl ( - f _ COS0 ~ ) 

111 like manner, the total tension stress, T, will equal 


reducing, 





There is a certain definite relation between /. and fc for any one position of 
the neutral axis (or for the corresponding value of 0). 

Referring to Fig. 12 

/. 


1 — cos 


1 + cos d 

/, /I -f cos 

V = n I T- n j = ^ coli 

fc M — cos 6/ 



Assuming n = 15 
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(See Pig. 14 for a curve showing the relation between the ratio and the position 

/« 

of the neutral axis.) Substituting the value for /, in the equation for T, that 
equation becomes 


V 1 — cos ^ / 


The distance from the diameter to the point at which the resultant of the 
total compressive stress acts may, by means of calculus, be shown to be 

_ r r_d — >|_sin 26 1 
^ 2 L sin 6—6 cos 6 I 


In like manner, the distance from the diamcbir that the resultant of the total 
tensile stress acts may be shown to be 

21 sin (9 + (tt — 6) cos 6 J 


The moment of the total compressive stress about the diameter equals 

rn = 2Ul 0) ; (. 

\ 1 — cos 6 / 2 V sill 6—6 cos 6 / 

V 1 — cos 6 / 


The moment of the total tension stress about the diameter equals 

„ =30/.^., (-in «±i' > ) 


Returning to the two fundamental eciuations and substituting values 


r . 2 ,.. ( 

M-w.-Ca + n. /.rt ( " 


w = c- 


cos 0 


') 




Values for 6, A;, (7, Ca, T, Tb, and may be computed for different values 

Je 

of 6 and tabulated. The angle 6 will probably never be less than 60 deg. (com- 
pression area equal to one-third of the total area) in a rational design, and will 
be equal to 180 deg. when the unit tension stress (/,) is zero. When computing 
values, careful attention must be paid to the algebraic signs of the trigonometric 
functions. 

These two fundamental equations, in their present forms, are not convenient 
for use in the design of conical reinforced concrete shafts. However, by plotting 
a series of curves for some of the quantities, it is possible to reduce the laborious 
part of the computations for the design very greatly. 
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In the equations for C, T, Ca^ and Tb, let 

, „ / sin ^ ^ cos ^ \ 

‘•-H — ) 

i, . 30 (“"iJ-ir. 

\ 1 — COS 0 / 

_ _ /» - sin 26 \ 

\ 1 - costf / 

\ 1 — COS B / 


Then the fundamental equations become 
W = kcfcTt — 

M = + Ktvfctr'^ 

Dividing the last equation by the one preceding and reducing 
e __ Kc 
r kc — pkt 

Now, as all of the valu(\s of /'c, A:^, iCc, and A"/ arc functions of 6 and as A; = 1 

— cos Of a set of curves may be plotted showing the relation of k, and p by 
assuming values for p, using the tabulated values for key hy Key and Kt, and com- 
puting corresponding values of ^ (sec Fig. 15). From these curves, and knowing 
c 

- andp, the position of the neutral axis can be readily detei mined. 

The second fundamental (moment) equation may be written in the form: 
W I 


For any position of the neutral axis there arc certain definite values of Key A^p, 

C € 

and Also, - depends on p as well as ky as is shown in Fig. 15. Assuming 
values for /c, Py and A;, values may Ikj found from the tables and curves already 


prepared for ^ and (Kc + Ktp), Then, by substituting in the equation, corres- 
W 

ponding values of may be computed. From the results of these various com- 

« W e 

putations, curves may be plotted which will show the relation between -y fe, 

Tt T 

and p. Figures 16 to 25 inclusive show these relations for values of fe equal to 
200, 250, 300, 350, 400, 450, 500, 550, and 600 lb. per sq. in. and for percentages 
of reinforcing steel equal to 0, 2, 2H, 3, 3H» and 4 per cent. The 

curves for zero percentage of steel are really limiting values as some reinforcing 

steel should be used whenever the ratio - exceeds 0.500, if the concrete is to 
take no tension. 


During the derivation of the formulas, /« has been taken as the unit compressive 
stress in the concrete at a distance r from the center of the shaft. The maximum 
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H?/ues of s 

W t 

Fio. 17. — Itelation between and - for p of %. 




Values at S 


Fig. 18 . — lielation between , and - for p of 
rt r 
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Fitt 21— Relation between , and - for j),of 2 %. 
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unit compressive stress in the concrete is in the extreme fiber which is equal to a 
distance ^ ^ from the center of the shaft. The relation between fcimux.) and 

fc may be deduced from Fig. 12. By means of similar triangles it is evident that 


r(l - cos e) + iz 

Jr (max ) __ ^ 

7c r(l — cos 6) 



As ^ = 1 — cos Of 


~ jr 

/c(iijax.) 


rk ^ 2rk 

^ + 2rt) 


Assuming values for - and k, values for the ratio may bo easily obtained, 

r Jc 

Plotting these values as in Fig. 26 gives curves from which the ratio - may 


be found for any particular design. Then /c(max.) may be computed. 

. The method of procedure in the design of a conical reinforced concrete chim- 
ney shaft, as far as the direct stresses caused by the wind and weight arc concerned, 
is as follows: 
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Have given d,, h, and allowable 
Assume r and L 

Obtain W from curves of Fig. 9. 

W 

Compute ;• 

Tt 

Obtain M from curves of Fig. 10. 

* Compute ratio 

Obtain p from curves in Figs. 16 to 25 inclusive, making an allowance of about 
201b. persq. in. for the difference between /cCnmx.) and /c. 

Obtain h from Fig. 15. 

Compute value of 

T 

Obtain fc(max.) from curves of Fig. 26. If this does not agree closely with 
assumed value, change /c a little and obtain new values for p, k, and /c(nmx.)- 
Obtain /, from Fig. 14. 

Select number and size of reinforcing rods. 


Illustrative Example. — Given a conical reinforced concrete shaft ICO ft. hi^h. Inside 
top diameter equals 5 ft. and top wall thickness equals 4 in. The outside diameter at the 
base (wall batter Moo) equals 8.87 ft. (100.5 in.), and the wall thickness at the base equals 
(increasing 1 in. for every 20 ft.) 4 + 8 or 12 in. 'J'he percentage of vertical reinforcement 
steel is IM per cent. Find the maximum unit stresses in the concrete and the steel due to 
wind and weight, assuming a wind pressure of 25 lb. per sq. ft. of vertical projected area. 


n 

= 32 in. 

i\ « 

rt 

567 


W 

« 2,110 X 

160 = 337,600 lb. 

M 

* 1,010 X 

160* = 25,856,000 in.-lb. 

W 

337,000 

= 595.5 

rt. 

567 


s ^ M _ 25,850,(^0 

r Wr (837,600) (47.25) ” 
p = IM per cent = 0.015 
fe *= 485 lb. per sq. in. 


k 

t 


feimiiX.) 

f. 


. == 0.254 


= 0.877 
12 

47 25 ■ 

= (485) (1.144) 
= (485) (19.4) = 


— 555 lb. per sq. in. 
s 9,410 lb. per sq. in. 


D = 100.5 in. 
Di = 68 in. 

(See Fig. 9) 
(See Fig. 10) 


(From Fig. 20) 
(From Fig. 15) 


(See Fig. 26) 
(See Fig. 14) 


44c. Stress Due to Diagonal Tension. — The stresses due to diagonal 
tension or shear in a conical reinforced concrete shaft may be found by the follow- 
ing formula for a wind pressure of 25 lb. per sq. ft. 



where 

V — unit shearing stress in pounds per square inch. 

D = outside diameter of base (or section considered) in inches. 

Di — outside diameter of top of shaft in inches. 
h = height of shaft above base (or above section considered) in feet, 
r » average radius of section in inches. 
t = thickness of wall in inches at section considered. 
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This formula is readily derived from the shear formula 

V 

" bjd 

where 

Total vertical shear V = + Di)h = 24 assuming a wind 

pressure of 25 lb. per sq. ft. 
lireadth b = 2t 

jd = 1.56r (average value) 

The value for yd may vary from 1.570Sr to l.SOOOr depending on the location 
of the neutral axis. A fair averages value for most positions of the neutral axis 
is 1.56r. 

Vu(D + D,)h ^ (D + D,)h 
^ 24 X2 >< 1.5Gril 75rt ~ 

= "t for a wind pressure of 2.5 lb. jjer s(i. ft. 

oTl 


The proportion of steel rociiiired is 


Vw(T) + Di)h 

75rtf. 


where 

ft = unit tensile stress in steel in pounds per square inch. 

For a wind pressure of 25 lb. per sq. ft., tlie proportion of steel required is 


( 2 ) + Di)h 
'3rlf. 


The amount of st(iel or steel area in square inches required in a wall section 
1 ft. high is 

Srlf, rf. 

The value of/, is usually taken as 1G,00() or 18,000 lb. per sq. in. depending 
on whether round rods of open hearth steel or wire ni(‘sh of cold drawn steel wire 
is used. 

On account of the possibility of small cracks due to temperature stresses, it 
is common to provide enough steel to take all of the diagonal tension (shear) 
stresses. Wire mesh or closely spaced small rods arc better than larger rods 
spaced farther apart. About 6 in, is thought to be the maximum spacing 
desirable. 

44d. Horizontal Temperature Stresses. — In deriving formulas for 
the horizontal teniperature stress reinforcement it will be assumed that the hori- 
zontal temperature drop through a concrete wall is a straight line, and also that 
there is an abrupt dro]) in temperature in passing from the hot gases to the wall 
and another abrupt drop in passing from the wall to the outer air. These assump- 
tions have been verified by experimental data. It is thought that the difference 
in temperature between the inside and outside of the chimney wall will not be 
more than 50 or 60 per cent of the difference in temperature between the hot 
gases in the shaft and the outside air. 

When a concrete chimney is in use, the inside is hotter than the outside and, 
consequently, the greater expansion of the hotter concrete will tend to cause 
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both horizontal and vertical cracks in the outside of the shaft walls. Those 
cracks may be kept small and localized by proper systems of horizontal and 
vertical reinforcement. 

As the concrete in the inner part of the shaft wall expands more than that 
in the outer part, the result will be to cause compression in the inner part of the 
wall and tension in the outer, and the total compression, (7, will equal the total 
tension, T, But, as the concrete is assumed 
to carry no tension, steel must be provided 
to carry this tension. 

Somewhere between the compn'ssion 
and the tension there will be a plane of 
zero stress, or a neutral surface, as is illus- 
trated in Fig. 27. The actual variation in 
unit compression stress, /c, is a curved line 
due to the curvature of the shaft wall. 

The variation of the curved line from a 

straight line depends on the ratio of 

as Ari varies from zero to kt\ This ratio 
is very nearly equal to unity in most chim- 
neys and, consequently, the curve tends to 
approach a straight line. c-oncretc chimney 

Assuming a straight line variation of " ‘ ’ 
stress and a constant modulus of elasticity, Ee, in compression for the concrete 
for the range of temperatures ordinarily encountered, it is seen that a very short 
section of the wall is like a reinforced concrete beam of depth 2' to the steel. 

The unit compression stress in the concrete at the inner surface is 

fc = O.OOOOOGiy'’ 

and, assuming a value of 2,000,()()0 lb. per sq. in. for Ee, 

fc = 12F 



1^'iG. 27. — Temperature stressc.s in a 


The unit tcMisile stress in the steel is 


/. = O.OOOOOG Ay ^ J 


Substituting 30,000,000 lb. per sq. in. for Ee, 


/. 


180 F 


- k) 

i 


where 

fe = unit compression stress in concrete in pounds per square inch. 
fe = unit tensile stress in steel in pounds per square inch. 

0.00000G = coefficient of expansion for 1 deg. F., assumed the same for con- 
crete and steel. 

F = temperature drop across wall in degrees Fahrenheit. 
t' ~ distance in inches from inner wall surface to reinforcing steel. 
W — distance from inner wall surface to neutral surface. 
t = thickness of wall in inches. 
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The total compression equals 

^ __ \2FkF ^ kV 
^ i ^ 2 

assuming a straight line variation of the compression stress. 

The total tension equals 

180F^(1 -Jfc)pr 

where p is the proportion of steel. (Note that the percentage of steel for hori- 
zontal temperature reinforcement is based on and not on t.) 

Equating C = T and solving, 

= 30(1 - k)p 

As 30 = 2n, this equation is the same as that for k in the straight line beam 
formulas. Figure 28 shows the relation between values of k and corresponding 
proportion of steel. 



Fio. 28. — Relation between k and corrc.sponfIing j>roportir)ii of istcol. 


In designing a reinforced concrete chimney, a lining is usually provided when 
the temperature o£ the flue gases is 800 deg. F. or more. Assuming that the 
temperature of the gases is 700 deg. F. at the inner wall of the shaft near the 
flue opening and that the drop in the shaft wall is 50 per cent of this, provision 
would have to be made for the stresses caused by the drop of 350 deg. across 
the wall. The temperature drop across the wall will usually be found to 
decrease as the distance up the stack away from the flue opening increases due 
to the decrease in temperature of the gases. When the chimney is lined, the 
temperature drop across the shaft wall is much less as there are drops at the 
inner and outer surfaces of the lining and shaft wall and also across the lining, 
the air space, and the shaft wall. Probably a drop of 150 to 250 deg. would be 
about right for flue gas temperature of 1,200 deg. F. or less. 
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44e. Vertical Temperature Stresses. — Considering a temperature 
drop in a vertical section of the shaft as shown in Fig. 29, it is evident that, 
approximately, 

A*/' W 

Sc = o.ooooo 6 F,F ; = 12F ; 

t t 

and 

/. = O.OOOOOGSy-^-^ “ 7 

I I 

Now, if the proportion of steel, p, is based on the distance /' instead of /, the 
relation of Ar, p, and n will be the same as that 
in a simple reinforced concrete beam using the 
straight line formula. Hence, assuming n as 15, 

Fig. 28 may be used for locating k for varying p^how/ 
proportions of p. 

44/. Stresses Due to Earthquakes. — 

Reinforced concrete chimney shafts may be rein- 
forced against possible earthquake shocks by the 
addition of reinforcement. As the unit stress 
in the vertical steel is usually quite a little less 
than 16,000 lb. per sq. in., it is doubtful in most 
instances if extra reinforcing steel will be required 
except at the most dangerous section. This sec- 
tion is approximately at two-thirds the height, 
though the extra reinforcement may extend from 
about one-half to three-quarters of the height. Fia. 29. — Temperature stresses 

To obtain the amount of steel necessary and ^ concrete 

the unit stresses in the concrete and steel, the * 

earthquake moment may be computed by the formula given in Art. 9 and the 
percentage of steel and the unit stresses in steel and concrete may be deter- 
mined as outlined in Arts. 44a and 446. The sum of the unit stresses due to 
weight, wind moment, and earthquake moment should not exceed about 
600 or 700 lb. per sq. in. compression in the concrete and 18,000 or 20,000 lb. 
per sq. in. tension in the steel. These higher values arc permissible due to the 
probable rare occurrence of severe earthquake shocks even in localities where 
earthquake shocks are common. 

46. Reinforced Concrete Chimney Linings. — A reinforced concrete chimney 
should be provided with an independent lining built up from the base to a height 
equal to one-third or more of the height of the chimney, according to the opinion 
of most engineers. Present practice seems to require a lining from one-third 
to one-half the cliimney height for initial flue gas temperatures of about 800 deg. 
F. or less, and a lining height equal to about three-fourths that of the 
chimney for initial flue gas temperatures of 800 to 1,200 deg. F., and chimneys 
should be fully lined for initial flue gas temperatures over 1,200 deg. F. The 
presence of the lining keeps the hot gases away from the shaft wall and also 
lowers the temperature drop across the shaft wall which is a decided advantage 
as this decreases the temperature stresses. 

For the lower temperatures, a reinforced concrete lining is usually satisfactory. 
Such linings are often from 4 to 6 in. in thickness and reinforced with hooping 
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and vertical steel. The hooping reinforcement may vary from to per cent 
and the vertical reinforcement from to 2 per cent depending an conditions and 
the opinion of the designer. There seems to be no generally accepted method for 
the design of reinforced concrete linings. 

For higher temperatures, a firebrick lining is usually required. See Art. 10 
on Linings for further discussion. 

46. Foundation Design Formulas. 

46a. Compression Over All of Base. — Foundations for reinforced 
concrete chimneys arc usually flat slabs — around, square, or octagonal in shape. 
A round or octagonal shape is to be preferred to that of a square because of the 
probable high unit stresses in th(3 corners of the square. The slab is made thick 
enough so that the unit stresses in the concrete do not exceed the permitted values. 
The reinforcement at the bottom of the slab is usually placed in four layers. 
Practically no reinforcement is needed in the top of the slab, except in cases where 
there is no wind and the inner diameter of the base of the chimney is greater than 
twice the projection of the .slab from the shaft wall. The slab must be large 
enough so that the pressures due to the weight and the wind arc safely transmitted 
to the earth, and also so that the chimney will not overturn when subjected to 
high wind pressures. Chimney's arc often placed on yielding soil, and in these 
cases the foundations must be carefully designed. 

In designing foundations where all of the base is subjected to compression the 
following formulas may be used for determining the compressive stresses on the 
soil in pounds per square inedi: 

For round foundations: 

Maximum unit stress _ "t 

(lb. per sq. in.) 0.78540/^ 0.698Z>/® 

Minimum unit stress _ 

(lb. per sq. in.) 0.78.')4D/* O.OOSD/^ 

Maximum eccentricity = 0.125D/ = 0.250/^ 

(inches) 

where W., Wi, and Wf are the weights in pounds of the shaft, lining, and founda- 
tion respectively; D/ is the diameter in inches of the base of the foundation; 
R is half of Df \ and Af/ is the wind moment in inch-pounds about the founda- 
tion base. 

When the resultant of the weights and wind cuts the base at a distance 
0.125 Df from the center, the minimum unit stress is zero and occurs on the 
windward edge. 

For octagonal foundations with the wind blowing perpendicular to a side: 

Maximum unit stress Wt + Wi + Wj_ Mj 
(lb. per sq. in.) 0.828/)/2 O.lOO/j/^ 

Minimum unit stress + Wi + W/ M/ 

(lb. per sq. in.) 0.828D/ 0.109D/* 

Maximum eccentricity 0.1 32D/ 

(inches) 

where D/ is distance in inches between two parallel sides. 
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For octagonal foundations with the wind blowing along a diagonal: 

Maximum unit stress ^ + J^ / i 

(lb. per sq. in.) O.S2SD^ 0.1022)/* 

Minimum unit stress _ ^Yl 

(lb. per sq. in.) 0.828Z)/2 ‘ 6.1022)/* 

Maximum eccentricity = 0.1222)/ 

(inches) 

where 2)/ is distance in inches between two parallel sides. The diagonal of an 
octagon equals 1.082 2)/. 

For square foundations with the wind blowing perpendicular to a side: 

Maximum unit stress _ f 4. f 

(lb. per sq. in.) ' 2)/* 

Minimum unit stress _ ^ 

(lb. per sq. in.) 2)/- D/* 

Maximum eccentricity = 0.1672)/ 

(inches) 

where 2)/ is distance in inches between tw'o parall(‘l sides of the square. 

For square foundations with the wind blowing along a diagonal: 

Maximum unit stress _ ^ 1 

(lb. per sq. in.) 2)/* ^ 0.1182)/* 

Minimum unit stress _ + 11' i + IF/ _ il// 

(lb, per sq. in.) 2)/* 0.1182)/* 

Maximum eccentricity = 0.1182)/ 

(inches) 

where 2)/ is the side of the square in inches. 

The diagonal of a square = 1.414D/. 

After the dimensions of the foundation have been selected so that the allow- 
able soil pressure will not bo exceeded and so that there will be compression over 
all of the base, the foundations may be designed for moment and shear according 
to the methods outliiu'd in Art. 24, Sec. 5. The maximum positive moment in 
the bottom of the foundation slab will occur when the wind is blowing, while 
the maximum negative moment «at the top of the foundation slab will occur with 
no wind. The slab should be investigated in regard to punching shear. Stirrups 
should be provided for diagonal tension when needed. 

Great eare must be taken to secure a good bond between the foundation slab 
and the shaft so that they will act as a single monolithic structure. The vertical 
steel in the shaft is usually carried down and hooked under the low'er foundation 
reinforcement. 

466. Compression over Part of Base. — When the eccentricity is 
greater than that which will just cause zero stress on the windward side of the 
base of the foundation, there would tend to be tension near this side. However, 
as there cannot be any tension between the foundation and the earth, part of 
the foundation will be considered to be under no stress and the other part under 
compression stress. Knowing that the unit compression stress increases uniformly 
from zero to a maximum value at the leeward edge, that the average unit com- 
pression stress occurs at the center of gravity of the compression area, that the 
resultant of all of the compressive stress equals the weight of the shaft, lining, 
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and foundation, and that this stress resultant cuts the base at the same point 
that the resultant of the weights and wind moment does, it is possible, by assuming 



Fig. .so. — C urves for k jukI fj for square base \vith wind x)erijciidieul{ir fo side. 


different compression areas, to compute values and plot curves so that the maximum 
stress on the leeward side may be easily found. The computations are fairly 



simple in the case of a square foundation with the wihd perpendicular to a side and 
a little more difficult in the cases of a circle and of a square with the wind blowing 
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along a diagonal. For an octagonal foundation, the results are approximately 
the same as those of a circle having a diameter equal to the average of the diagonal 
of the octagon and the perpendicular distance between two parallel sides. 

Curves illustrating the results of these computations have been plotted in 
Figs. 30, 31, and 32. The maximum unit compressive stress on the base of the 
foundation for any eccentricity, c, is given by the formula 

W 

/(max.) = 

where 

/(max.) = maximum unit compressive stress in pounds ])er square inch. 

Ij = value taken from curve. 

W = (W. + Wi + IF/) in pounds. 

A = total area of foundation base in square inches. 



After the correct size of the foundation has been selected, the foundation may 
be designed for moment and shear by the methods given in the preceding article 
and in Art. 24, Sec. 5. Diagonal tension reinforcement should be provided when 
needed. The allowable unit stress in punching shear should not be exceeded. 

47. Method of Procedure in Design of Reinforced Concrete Chimneys. — 
The general procedure in the design of a conical reinforced concrete chimney is 
approximately as follows, having given the height above foundations, the inside 
top diameter, elevation of breech opening, height of lining. 

(a) Select wall thickness at top, wall batter, and rate of increase in wall thick- 
ness of shaft. 

(5) Compute weights and wind moments at base section and at other 
sections of the shaft spaced about 20 ft. apart. 

(c) Design vertical steel reinforcement required for wind and weight stresses 
at those sections of the shaft for which the weight and wind moments were 
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computed. Sometimes it will be found advisable to select a different wall 
batter and a different rate of increase in wall thickness from those chosen 
in (a). 

(d) Design diagonal tension and shear reinforcement for shaft. 

(e) Design horizontal and vertical temperature reinforcement for shaft. 

(f) Design breech opening. 

(ff) Design lining. 

(h) Design minor details such as clean-out door, lightning conductor, ladder, 
block and cable, ornamental top, etc. 

(i) Design foundation. 

O') Check d(\sign. 

(/c) Prepare general and detail drawings of the chimney and foundation. 

48. Construction of Reinforced Concrete Cliimneys. — The forms used in the 
construction of conical reinforced concrete chimneys may be of wood or of steel 
but they must be rigid, tight, easily removable, and so designed that the proper 
wall batter and wall thickness will be obtained. Practically all of the types of 
suitable forms for chimney construction are controlled by patents. 

The proportions for the concrete mix for the shaft arc frequently 1:2:3, 1:3, 
or 1:4, with 1:5 as the limit. The proportion of fine aggregate should not be 
more than t\vice that of the cement. While the concrete should be as dense 
as practicable, enough fine aggregate should be present to form smooth surfaces 
next to the molds. The proportions for the foundation arc usually a little leaner 
than for the shaft and may be 1:2:4, 1 : 2>^ : 5, 1 : 5, or 1 : 6, with a 1 : 8 mix as thcj 
limit. The proportion of fine aggregate in the foundation should not be more than 
three times that of the cement. 

Before placing the concrete, the reinforcement should be correctly placed and 
fastened so that it will not be displaced by the pouring of the concrete. The 
concrete should be poured as soon as possible after mixing and worked and 
compacted in the molds by spading and rodding so as to secure a good dense 
concrete. The operation of concreting should be as continuous as possible. In 
case there is an interruption in the process of concreting care must be taken to 
remove laitance, etc., and to secure a good bondlietween the old and new concrete. 
All steel reinforcement splices should be equal to forty or fifty times the diameter 
of the rods. Not more than half of the vertical tension reinforcement should be 
spliced at any horizontal section. 

After the foundation is completed, an inside tower scaffold is usually con- 
structed for the workmen and to assist in hoisting the concrete. One set of forms 
is carefully put in place on the foundation, the reinforcement placed and tied, 
and then concrete pouring is begun. When this set of forms is full, another set 
of forms is placed above and the concreting continued. When the second set of 
forms is about full, the first set is removed and placed above the second. The 
inside tower scaffold is built higher from time to time as required. An outside 
scaffold may be provided if it is necessary to paint or wash the outside surface. 
After the shaft is completed, it is usually washed down with a cement wash. 
The concrete is usually hoisted in a bucket attached to a cable operated by a 
hoisting engine. 

The lining is usually constructed after the shaft is complete, care being taken 
to keep the air space free from debris. 
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After the chimney is complete the contractor removes his plant and cleans 
up the grounds. 

If possible, the chimne}" should be permitte*d to “season “ for at least a month 
before being used. 

49. Description of a Medium-sized Conical Reinforced Concrete Chimney. — 

Figure 33 shows a view of the reinforced concrete chimney built recently by the 



Fkj. 33. — Fort Worth Power and Light Company’s chimney. 


Heine Chimney Company for the Fort Worth Power and Light Company. This 
chimney is 328 ft. high with an inside top diameter of 14 ft. The details of the 
design are shown in Fig. 34. 

60. Fluted Reinforced Concrete Chimneys. — Placing vertical ribbing on the 
outer surface of the shaft tends to improve the appearance of the ordinary coni- 
form concrete chimney. Figure 35 is a view of a “Conirib'' concrete chimney 
built by the Polk, Genung, Polk Company. With the exception of the ribbing 
or fluting, the general design is the same as that for a chinmey with a smooth 
conical surface. 
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Fio. 34.- 


-Details of Forth Worth Power and Light Com- 
pany's chimney. 


Fio. 35. — Conirib reinforced 
concrete chimney. 
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61. Reinforced Concrete and Tile Chimney. — This type of chimney is built 
by the Weiderholt Construction Company and consists of hollow hard burned 
clay tile of patented design, fiUed with concrete reinforced with both vertical 
and horizontal steel. The hollow tile form tlie outer and inner surfaces of the 
shaft and act as a mold for the concrete. The web of the hollow tile is constructed 
so as to permit the placing of horizontal as well 

as vertical reinforcement and also to permit the - ^ ^ 

concrete to bind all the way around the shaft. 

After the foundation of reinforced concrete 
has been constructed with the vertical rein- 
forcement for the shaft in place, the tile for the 
first course are slipped over the steel rods and 
arranged in a circular course on the top of the 
foundation. The tile are then filled with a 
Portland cement mortar of a 1 : 3 mix deposited 
and tamped in three layers. After the first 
course is filled, each succeeding course of tile is 
arran ged an d filled in the same manner. Twisted 
or deformed steel rods, bent in circular shape, are 
placed between the second and third layers of 
concrete in each course just outside the vertical 
reinforcement and in contact with it. Both the 
vertical and horizontal reinforcement are over- 
lapped sufliciontly to dev(dop the required 
tensile strength. An interior scaffold is used 
for construction purposes. 




(Enlarged view of tile.) 

Pig. 36. — Manner of construction of a reinforced Fio. 37. — Weiderholt reinforced con- 
concrete and hollow clay tile chimney. Crete and hollow clay tile chimney. 


The shape of the tile and the manner of construction arc shown in Fig. 36, 
while Fig. 37 shows a completed chimney. 

62. Design of a 160-Ft. Conical Reinforced Concrete Chimney. 

6Sa. Statement of Problem. — The problem is to design a conical reinforced 
concrete chimney for the following conditions: 

Height above foundations » 160 ft. 

Internal top diameter » 7 ft. 

lining ■■ 100 ft. high constructed of 4K radial firebrick from the foundation up. 

Sise of breech opening « 4 ft. 9 in. by 9 ft.; the bottom of the breech opening is to be 
12 ft. above top of the foundation. 

Wind pressure >■ 25 lb. per sq. ft. on the vertical projected area. 
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Allowable soil pressure = 2 tons per sq. ft. 

Unit stresses in shaft = As given in Art. 42. No provision is to bo made for possible 
earthquake stresses. 

Unit stresses in foundation = As given in Art. 41. 

Flue gas temperatures = Maximum of 1000 deg. F. at entrance to shaft. 

626. Design of Shaft for Weight and Wind Moment Stresses. — The thickness 
of the wall at the top will be taken a.-^' 4 in. and the batter of the WiUl as 1 ft. in 80 ft., giving 
a base diameter of 140 in. The increase in wall thickness will be taken as 1 in. in 20 ft-., 
giving a thickness of 12 in. at the base of shaft. The base section will be designed first. 
From data given and assumptions made above: 


Di 

= 92 in. 

di = 84 in. n - 44 in. 

D 

= 140 in. 

d « 116 in. r = 

64 in. 

w. 

= (2,8S0)(160) = 450,000 Ib. 


M 

= (1.340)(lC0jS = 34,300,000 

in.-lb. 

e 

M 

34.300.000 

1.175 

r 

r X W. 

(64) (4.56.000) "■ 

W 

4.56,000 

- 591 


rt 

■'768 



<1=4 in. rUi = 176 sq. in. 

/ = 12 in. rt = 768 sq. in. 

(Sec Fig. 9.) 
(See Fig. 10.) 


From Fig. 211, /« 335 lb. per sq. in. for p =3 per cent of si cel. 

Select 3 per cent of steel as A (max ) is probably 15 or 20 lb. per sq. in. more than A. 


k = 
t 
r 


1.22.5 

(From Fig. 15.) 

= 0.1875 

04 


. in. 

(Sec Fig. 26.) 

in. 

(Sec Fig. 14.) 


The .steel area required = (0.03) (2) (64) (12) = 144.7 sep in. 
For this area there can be \ised 


18.5 — 1-in. round rods, 
140 — l>8-in. round n)ds, 
118 — llr^-in. round rod.‘«, 
98 — iK-in. round rod.s, 


which should be equally spaced around the circumference. 

In like manner, computations may be made for scction-s 20 ft. apart and the results 
tabulated as in Table 13. 


An examination of the re.sults indicates that a little increase in the wall thicknesses at 
the 140 and 160-ft. sections would materially reduce the amount of steel required at these 
places. 


52c. Diagonal Tension Reinforcement for Shaft. — Using the formula given in 
Art. 44c, the amount of diagonal tension reinforcement per foot of height in wall may be 
readily computed. Unit tensile stress in steel equals 18,000 lb. per sq. in. if wire mesh is 
used. 


Required steel area 


4(D + Di)h 
18,060r 


(D_+ D^)h 
4,500 r 


Values for D, Du and r may be obtained from Table 13. 

Amount of steel required in vertical cross-section of wall 1 ft. high at the base is 


a4^+ 92)^0 
(4,500) (64) 


= 0.129 sq. in. 


Similar computations may be made at height intervals of 20 ft. and the results tabulated as 
in Table 14. Enough steel is provided to carry all of the shear stress. 



Table 13. Stress Sheet for a 160-ft. Conical Reinforced Concrete Chimney Shaft for Stresses Due to Weight and 
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I 


•The 2D-ft. section in a “gravity” section. 
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Table 14. — Steel Area Required for Diagonal Tension in Vertical Cross- 
Section OP Shan’t Wall 1 Ft. High 


Distanco from top of .shaft (foot).. I 20 j 40 | 
Required steel area (scpiare inches) ! 0 OlSj 0.03G| 


60 

80 

100 

0.053 

0.069 

0.085 


120 I 

o.loo! 


140 160 

0.115 0.129 


The diagonal teii.sion reinforcement will bo combined with the horizontal temperature 
reinforcement. 

62(1. Design of Horizontal Temperature Reinforcement for Shaft. — In select- 
ing the horizontal temperature reinforcement, use is made of the formulas given in Art. 44d. 
and the curve of Fig. 2S. As the horizontal temperature reinforcement should not be 
pl.'iced more than 3 in. from the outer wall, and as it should also be placed just outside of 
and tied to the vertical reinforcement to aid in holding it in place during the pouring, the 
values of as given in Table 15, will be assumed. Wire mesh will bo used having an allow- 
iible unit tensile stress of 18,000 lb. per sq. in. The following procedure is used in the design. 
Knowing or assuming F, i and A, 

a 1 r 1 . • f 1 , 180F/'(1 - fc) 

Solve for k in formula, u = ^ 

Obtain p from Fig. 28. 

Compute steel area required for a vertical wall section 1 ft. high, noting that p in Fig. 
28 is based on t‘. 

Compute fc in formula, A = 


The temperature drop, F, across the shaft wall near the flue opening probably will not 
be more than 200 deg. F. as there will also be drops at both surfaces of the lining, across the 
lining, across the air space, and at both surfaces of the shaft wall. Assume F as 200 deg. 
Tlie temperature drop acro.ss the shaft wall near the top of the lining will bo loss than 200 
deg., say about 105 deg. 


Table 15. — IIokizontal Temperature Reinforcement 


1 

Assumed 

tempcri*- 

Thick- 

Distance 
from inner 

Location 

Propor- 

Required 

Unit 

8tcel area 
required for 
wall section 

1 R. high 
For diagonal 
tension and 
horizontal 

Distance 

ture drop 

ness of 

wall sur- 

of 

tiozi of 

steel area 

stress in 

from t<jp 1 

airo.sN wall 

wall 

face to 

neutral 

steel 

for wall 

conercto 

of shaft ! 

in deg. 

(in.) 

tempera- 

a.xis 

(Kig. 28) 

section 1 

/Ib.x 

(ft.) j 

Fa hr. 


ture steel 
(in ) 

V 



ft. high 

Via.*/ 


F 

1 t 

k 

P 

(sq. in.) 

A 

temperature 
(sq. in.) 

i 

0 

IG.-j 

4 

2.75 

0.119 

0.00054 

0.018 

162 

0.018 

20 

170 

5 

3.50 

0.159 

0.00100 

0.042 

227 

0.060 

40 

17.3 

6 

4.25 

0.193 

0.0015.5 

0.079 

287 

0.116 

60 

180 

7 

5.00 

0.222 

0.0022 

0.132 

344 

0.185 

80 

18.5 

8 

5.75 

0.24S 

0.0027 

0.186 

395 

0.264 

100 

190 

9 

6.. 50 

0.271 

0.0033 

0.211 

447 

0.296 

’20 

195 

10 

7.25 

0.203 

0.0040 

0.348 

497 

0.448 

110 

200 

11 

8.00 

0.312 

0.0047 

0.451 

647 

0.566 

160 

200 

^ 12 

9.00 

0.333 

0.0065 

0.594 

600 

0.723 


Table 15 gives the tabulated results for the horizontal temperature reinforcement. 
About three extra horizontal }^-in. rods should be placed near the top of the shaft, and a like 
number of %-ln. rods Just above the top of the lining, when the lining does not extend to 
the top of the shaft. 

If desired, small rods may be used instead of the wire mesh provided that enough steel 
is used so that the unit stress will not exceed 16,000 lb. per sq. in. ^ 

sac. Vertical Temperature Reinforcement for Shaft. — If the effect of the verti- 
cal steel used for wind moment reinforcement is neglected, the amount of wire mesh needed 
would be the same as that required for the horizontal temperature reinforcement as given 
in Table 15. 
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If the diagonal tension and horizontal temperature reinforcement is in the form of hori- 
zontal rods, the vertical reinforcement for wind moment may be assumed to carry vertical 
temperature tensile stresses up to the value of 16,000 Ib. per sq. in. minus the value of /» 
given in Table 13. This assumption will often give large vortical temperature stresses in 
the concrete. Also, at some sections, extra vertical rods may have to bo added in order to 
keep the combined unit tensile stresses within bounds. 

The use of a wire mesh for diagonal tension and both horizontal and vertical tempera- 
ture stresses is thought to give the most satisfactory results. 



Toundation foinfoncenwnt 


// mil ecnsisfchnfe^iav net 
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tobendiry 




Smoke Opening 



Section at Sosa 


rio. 38. — General design of a Weber Coniform chimney. 


8V* The Breech Opening. — The breech opening is to be 4 ft. 9 in. by 9 ft. and 
the bottom is to be 12 ft. above, and the top 21 ft. above, the top of the foundation. The 
outside diameters at the top and bottom of the breech opening are 133.7 in. and 136.4 in. 
and the wall thicknesses are 10.95 in. and 11.4 in. respectively. 

The amount that the wall thickness should be increased to compensate for the concrete 
removed is about 13.5 per cent at the top and 13.3 per cent at the bottom of the opening. 
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Increasing the wall thickness of the shaft 1.5 in. from a section 5 ft. above the top of the 
breech opening to the base of the shaft will bo satisfactory. This increase in wall thickness 
above the top of the opening should not be abrupt, but should be gradual and should extend 
over at least 1 ft. U'he vertical steel at the opening should not be cut off but should 
be bent around the opening, and the bends should not bo sharp. The rods should not be 
bun(;hod together, 'riiree sets of throe horizontal rings of rods of the same size of the 
vertical reinforceiiicnt should be placed both above and Ijclow the breech opening. About 
four extra rods, each about 4 ft. longer than the width of the opening, should also be 
provided both above ;ind below the opening. About 10 or 12 extra vortical rods, each 
about 4 ft. longer than the huigth of the opening, should be provided on each side of the 
flue opening. The temperature reinforceiiKuit should bo bent around the vertical rods at 
the side of the o])enirig and then should extend about 2 ft. along the inside shaft wall and 
about 2 or .*1 in. from the surface. It is advisable to extend this extra mesh about 5 ft. above 
and below the opening. Figures .‘M and 38 show how the reinforcement is placed around the 
flue opening. 

52(/. Lining and Minor Details. — The lining is to be constructed of 4>4-in. 
radial firebrick laid in a cement fire clay mortar. The lining begins at the foundation and 
is 100 ft. high with an internal diameter of 7 ft. The minimum air space should bo 2 in. 
Abfnit 3 horizontal rings of rods should be placed in the shaft just above the top of the lining 
as mentioned in Art. 62//. See Arts, lo, 20, and 35d for further information. 

Among the minor details arc the clean-out door, lightning conductor, ladder, pulley 
and cable, and architectural treatment. 

If a ladder is desired, it may be placed either on the outside or on the inside, but 
preferably on the inside. See Arts. 14 and 36 // for further information. 

A 4-in. bronze pulley with a j'e-in. galvanized wire cable should be i)rovidcd. 

A clean-out door, 21 X 30 in. in size, should be located in a suitable position near the 
base on the side of the shaft opr>osite from the brec/*h opening. 

'fhe lightning conductor should be designed and constrin’ted as outlined in Arts. 17 and 
36(1. If the lightning rods at the top of the stack arc to be attached to the v'ertical reinforce- 
ment, this reinforcement must bo well grounded. 

The architectural treatment usually consists of building out the top of the stack and 
painting a monogram or other design on the shaft near the top. When the top of the stack 
is corbeled out, some horizontal rings of rods .shtnild be added for reinforcement. 

Figures 34 and 38 give a good idea regarding the design of details. 

62/i. Design of Foundations. — "rhe foundation will be octagonal in section and 
will be built of reinforced concrete. 

Weight of shaft = 150,000 lb. (FromTable 13.) 

Weight of lining — (120) ( »r)(10U) = 27,800 lb. 


assuming that the lining weighs about 120 lb. per cu. ft. 
The depth re/iuircd for punching shear is 


(12) (350) 

( 2 ) ( 120 ) 


17.5 in. 


Assuming a depth of 36 in. and a distance between parallel sides of 25.5 ft. or 306 in., 
gives an area of 77,500 sq. in. or about 538 s/|. ft. and a weight of 212,000 lb. 

Total weight W 725,800 lb. 

The wind moment about the base of the foundation is 


34,300,000 OmH25)m) = 35,700,000 iii.-lb. 

-I 

It is seen that the ordinary formula does not apply and that all of the base 

of the foundation will not be under compression. 

Using the curve in Fig. 32 and obtaining the equivalent radius of the circle 

' 2.97 (From Fig. 32.) 


e 

R 


— c:: 0.4275 L 

153 X 1.04 
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Using formula /(max.) 

/(max.) = (2.97) (9.37) = 27.8 lb. per sq. in. 
which is close enough to that allowed — that is 2 ions per sq. ft. or 27.78 lb. per sq. in. 

k = 0.5G5 (From Fig. 32.) 

(2 — k)R = (1.435) (153) (1.08) = 237.5 in. measured along a diagonal. 

Considering a strip 1 in. wide, Ihe rc.sultant upward pressure at the end equals the earth 
pressure less the weight of footing or 27.8 — 3.1 = 24.7 lb. per .sq. in. 

At the stack, the rcsullant upward pressure equals 18.1 — 3.1 or 15.0 lb. per sep in. 
"J'he bending moment of this cantilever strip is 

. 1 / ^ (ir,)(,s.i)(?^|) + (Y)(^‘*>(D = 7-t.noo in-ll'- 



Fi(i. 39. — Found.ntion strosse.s. 


For /, = 16,000, fc = 650, n =15 and d ^ 30 in. 

Use V = 0.6 per cent giving/, = 16,000 lb. per sq. in. about, 
and fc =510 lb. per .sq. in. about. 
Use 4 layers of reinforcement. 


Steel area for e.ach layer 


(.306) (.30) (0.006) 
4" 


1.3.77 sq. in. 


Use 23 — ^»-in. round rods, 

18 — 1-in. round rods, or 

14 — l).^-in. round rods in each layer. 

The maximum unit shear occurs at the edge of the stack and is, con.sidering a depth of 


7 hd 


Stirrups must be provided to take the excess shear over 40 lb. per sq. in. 

The chimney is not large enough to have any upward bending stresses at the top center 
of the foundation. 

The vertical reinforcement in the shaft should pass into the foundation concrete and be 
hooked under the foundation reinforcement. 

6Si. Drawings Required. — The drawings usually required are a general plan 
and elevation drawn to scale and showing walls, linings, reinforcement, foundation, etc., 
with all necessary dimensions. Detail drawings to a larger scale are often required for the 
breech opening, clean-out door, ladder, architectural treatment, etc. ngures 34 and 38 
give a good idea of what is needed in regard to drawings, though they are not quite complete 
in all details. 
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CONCRETE DETAILING 

By Walter W. Clifford 

Concrete detailing lacks the standardization of steel detailing. It is, how- 
ever, none the less important. In fact, it should be considered more important, 
for three reasons: (1) Because, while rigid steel members must come together 
in the field or be replaced by ones which will, almost any concrete job may, by 
pointing up the voids, be made to look all right when it is finished; (2) steel 
erectors belong to a skilled trade, while concrete work is done largely by unskilled 
labor and the foreman who thinks that the reinforcement matters but little, 
because it will all be covered by concrete, is not yet extinct; and (3) compared 
with the number of good steel detailers, few good concrete detailers are available. 
Practical field and drafting room experience are necessary for the first-class 
concrete detailer and as yet there are comparatively few drafting rooms where 
first-class concrete detailing experience is obtainable. 

In concrete detailing two things must be considered: (1) the outlines of con- 
crete which give the necessary information for formwork, and (2) reinforcement 
details to be used in the bending shed to fabricate the steel, and in the field to 
place it. 

1. Outlines. — Outlines, or outside dimensions of concrete, arc invariably 
given by the architect or engineer designing the work. For structural outlines 
the common rules of drafting apply and further suggestions are given in following 
articles. Outlines and reinforcement can usually be taken care of on the same 
drawing. But where the outlines arc very complicated, separate outline and 
reinforcement drawings avoid confusion, and save time in the drafting room as 
well as in the field. In such cases outline drawings give all information for forms, 
and the outlines as represented by forms being defined, reinforcement is then 
located from them. 

Outlines of ornamental work are worthy of considerable study. They must 
result from close cooperation between the designing architect and the construct- 
ing engineer if satisfactory work is to be had. By means of. glue and plaster 
forms, almost any results may be obtained, but this entails considerable expense, 
and where concrete is used for ornamental work, cost is usually an important 
factor. 

Around entrances and similar locations subject to close inspection anything 
but the simplest of ornament should be of cast stone or precast concrete. 

For base and belt courses and also for cornices, very satisfactory ''cast in 
place” mouldings can be made if the designer will consider the practical as well 
as the esthetic. He must remember that a fair design well built will be more 
effective than a better design poorly executed. 

680 
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It goes without saying that concrete is not suited to fine, small scale work; 
minute indentations or projections are almost sure to be injured when wood 
forms are stripped. The precision of finish of concrete edges is not sufficient 
to stand small breaks. Nothing less than % in. should be used. Small breaks 
should be designed to fit stock thickness of dressed lumber to save form cost. 

A knowledge of the manner in which the forms arc to be constructed is nec- 
essary for the design of concrete mouldings. Forms of solid pieces, as shown 
in Fig. 1, are usually cheaper than those built up of lagging on templates, as 



Kig. 1. — Good cornice form. Fit;. 2.--- Expensive form. 

shown in Fig. 2. The former type is also more easily made up in panels for 
repeated use than is the latter. 

Satisfactory joints between individual pieces of form cannot be made on 
curved surfaces or at the tangent points. They should be made at angles. This 
means that reverse curves are difficult propositions unless they are small enough 
to be cut from one piece. 

The moulding shown in Fig. 3 is practical. Tf it is so large that it needs to 
be made in two pieces, as shown in Fig. 4,* it is difficult to construct. The form 



Fio. 3. Fn*. 4. Fig. 


shown in Fig. 4 is bad, for the joint must be trued after the two pieces are fastened 
together, if a satisfactory result is to be obtained. It should be made from 
lagging as shown in Fig. 2, or of plaster. If a break is introduced, as shown in 
Fig. 5, it again becomes practical. 

The shape of a curve does not affect expense if any great length is to be used. 
Special curves entail only the use of the knives on the planer. Constant radiuis 
curves are carried in stock and are obtained more readily and quickly. The 
architect can easily determine the relative cost of concrete mouldings by realiz- 
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ing that the complimentary moulding -of wood is required as a form — with the 
prcvioiisb'^ mentioned limitation in joints. 

Plast('r forms arc financially practical for ordinary work when they have a 

constant section which can be struck 
with a single moving template. 

Figure G shows some practical types 
of mouldings and cornices which have 
b(!cn built. 

2. Reinforcement Details of the 
Architect. — The architect's concrete 
drawings are more simple than those of 
the engineer or contractor who give 
complete information for the bending 
sho]). The old time architect wdio locates 
the columns and specifics that the floors 
shall carry a certain load and conform 
to the city building laws, as well as the 
architect who imagines that a beam 
section designed more or loss correctly 
for shear, together with the steel area at 
the center, constitutes concrete design, 
have very nearly passed into history. 
Under the common business arrange- 
ment with clients, the architect is, however, quite justified in expressing his 
design in the simplest possible manner and passing on to the contractor the 
actual bending details. 

The practice of allowing competitive designs for nnnforccuncnt is bad, 
especially so in places where building laws are lax or lacking. Under competitive 





Fig. 7.— Architect’s beam detail — no schedule. 


designs the capable organizations are subject to ruinous competition by ignorant 
or unscrupulous reinforcement dealers, because of the absolute lack of standards 
such as are almost universal in structural steel. Unless the architect is fully 
competent to handle concrete design he should employ the services of an experi- 
enced engineer. 



Fuj. (), 
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The information which the architectural oflice must give, is, in gen< ral: Size 
and location of all main reinforcement together with the angle and location of all 
cambers and bends; also the size, shape and location or spacing of auxiliary rods 
such as stirrups, hoops and spacers. The architect must remember that if he is to 
justify himself as a designer of his work he must at least give such information that 
details can be made in only one way and then he must ch(*ck bending details to 
see that they are properly made. 

Much of the necessary information can be covered by notes on drawings or in 
specifications such as: 

All cambers shall bo 4.5 deg. unless otherwise noted. 

One-inch round spacer l)ars not over 50 times the diameter of the supported rods apart 
shall be used to separate all layers of beam rods. 

Short column rods shall bo G in. sliorter than the distance floor to floor. 

Jjorig rods shall bo 50 diameters longer than the distance floor to floor. 

All columns are to be concentric, except those on the A, C, 1, jind 10 lines, which are to 
be flusli on the outside face or faces. 

All hooks are to be 9 diameters unless otherwise noted. 

Chairs or supports for reinforcement may be cov(^rod by note or in specifi- 
cations in the following manner: 

('hairs of an approved type shall be used to support all sl.ab steel. At least one chair 
shall be used to each 15 sq. ft. of floor. 

A typical beam detail from a first-class architect’s office is shown in Fig. 7. 

3. Reinforcement Details of the Engineer or Contractor. — Detailing by the 
contractor is analogous to stool shop drawing. Assembly drawings should be 
made on which each piece of reinforcement is given a mark, with the place it is to 
occupy in the form definitely indicated. Complete schedules should be given and 
also bending diagrams. A number of engineers, whoso business arrangements 
with clients permit it, detail the concrete fully and schedule the reinforcement. 
This is the most satisfactory method, for the designer of concrete should be 
entirely responsible for the details, since concrete details arc an even more essen- 
tial part of the design than with other forms of construction, owing to the com- 
bination of two materials and the impossibility of satisfactorily inspecting 
completed work. 

4. Drafting Room Organization. — ^In the smaller architectural offices where 
design drawings only arc made, the concrete squad will usually consist of the 
engineer and a draftsman or two to trace his drawings or make drawings from his 
sketches. The virtue of such an organization is its simplicity. It hinges entirely 
on the engineer. 

In the larger engineering and architectural offices where design and detail 
drawings are combined, organization is more complex. One or more concrete 
squads will be included in the drafting force. Six to twelve men are commonly 
grouped in one concrete squad, the number varying with the skill of the squad 
chief and the quality of the draftsmen. 

A typical concrete squad may consist of a squad chief, two designers, five 
detailers, three tracers and a checker. 

The squad chief must have an excellent working knowledge of concrete. 
Above all he must be an executive and this means he must have teaching ability. 
The more he knows about design the better. 
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The designers must be familiar with the theory and practice of design and 
able to execute work along the lines laid down by the engineer, with accuracy, 
speed and neatness. They should have initiative. 

Detailers are good draftsmen with practical concrete experience. More often 
than not they do not have a technical education. A good squad chief can make 
a concrete detailer out of any good draftsman familiar with building work in 
g(iiieral. 

Tracers need only the qualifications needed by tracers in any other form of 
drafting work. 

Checkers need the qualifications already mentioned for designers. A good 
checker is, however, of an entirely different temperament from the designer. His 
natural mental assumption is that a thing is wrong until it is proved correct. It 
is as natural for him to patiently look for the flaws in work as for the designer to 
look for the way out of a difficulty. 

In many offices where complete records are kept, each squad is provided with a 
clerk, preferably a girl, to keep the necessary time and cost records and take care 
of reference prints. By taking from the squad chief all the routine clerical work 
which so often hampers the minor executive and leaving him free to devote all his 
time to work on the board, a clerk is a good investment. 

Detailing by reinforcing companies is usually done from the design drawings 
of the arcliitcct and consists of not too elaborate setting plans with necessary 
reinforcing schedules. These are ordinarily made by or under the direction of the 
salesman and arc then submitted to the architect for approval after the manner 
of steel shop drawings. 

6. Drafting Procedure. — Considering the large drafting room the procedure 
on a concrete job will ordinarily be somewhat as follows: 

The size, type of construction (beam and girder or flat slab), loading and 
column locations etc. will ordinarily be determined by the engineer before the job 
reaches the drafting room. The engineer will often furnish also the design of the 
typical cross-section. 

For the drafting room there remains the design of the many secondary 
members and the detailing of all parts. In the division of parts of a large job 
between squads it is the practice in concrete to divide the work as a whole — ^that 
is to give separate buildings or sections of the work to the different squads rather 
than have one squad on framing plans, one on beam details, one on column 
details, etc. Since reinforcement from one member often goes through other 
members, as beam rods through columns, this is the more satisfactory method of 
dividing work ^nd it has the added advantage of producing more versatile 
draftsmen. 

The squad chief or chief draftsman in consultation with the engineer will first 
make a list of required drawings, bearing in mind how they will fit on standard size 
sheets which arc used in most large offices. For a single moderate size building 
such a list may be as follows: 

Footing plan. 

Footings details (sheets 1 and 2). 

Basement wall details (sheets 1 and 2), a key plan being included on each sheet. 

Interior column details (sheets 1 and 2). 
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Exterior column details (sheets 1 and 2). 
First floor framing plan 
First floor beam details (sheets 1 and 2) 
First floor spandrel details, 
etc. to. 

Roof framing plan. 

Roof beam details. 

Cornice details. 

Pent house details. 


It is to be understood that reinforcement schedules as needed are to accompany 
each drawing. 

A schedule of dates when each of these drawings must be in the field (after con- 
sulting the construction schedule) will then be made. 

After these schedules are made the squad chief will turn the information over 
to the designers who will make designs and design sketches for all members. 

Routine concrete design computations are more complex than those for steel, 
moreover stress assumptions are not so well standardized. Unless computations 
are systematized therefore trouble ensues. 

The first use of design sheets is to give information to the detailer, and this 
necessitates habitual and good methods of stating results. But for the benefit 
of checkers and engineering executives — or those who have to explain to execu- 
tives— all the assumptions of stress and loading should be equally well indicated. 
IXirthermorc, a year later a second structure may be desired wnth the same stresses 
or loading as a previous one, or information may be required as to the ability of a 
certain structure to withstand loading conditions different from those assumed in 
the original design. In such cases haphazard methods of computation become 
expensive. 





Printed forms for design, such as are in use in the larger engineering offices, 
may seem like an undue expense for the smaller office, but a consideration of the 
relative cost of printing and writing the many often repeated letters, words and 
equality signs in concrete beam computations, for example, will demonstrate their 
real economy. In even a moderate sized office a detailer will use the design sheets 
of several designers and it is obvious that a form with a definite fixed place for all 
data and results will save time and mistakes on the part of the detailer, and omis- 
sions on the part of the designer. 

Beams are particularly amenable to design forms. These forms should con- 
tain sketches for convenient use, such as shown in Figs. 8 and 9. On each 
designing form, the general information is given at the top of the sheet and the 
unit stresses and loads below. Then follows computation of the total loads. 
The middle of the page — ^which should be quadrilled in the interest of neatness— is 
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for the computation proper. In this part all equations showing loads used in 
computing moment, steel area, flange width, shear, etc., should appear, but 
arithmetical computations which should be done on a slide rule merely confuse 
the sheet and should not appear. 


COLUMN 



_JOB NO_ 

COMPUTATION SLREET 



FINAL SHEET NO.- 
PRELIM. SHEET NO.. 

COMPUTED BY 

— DATE 

CHECKED BY— 

DATE 

REMARKS 



Fig. 10 . 


A good column design form is shown in Fig. 10. 

There will always remain some special members which are not easily amenable 
to standard forms. Footings are the largest group in this class. A few offices 
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have standard forms for footing design, with a heading similar to that on the 
beam sheet and a sketch for data as shown in Fig. 11, but owing to the wide 
variation in size and shape, they are only worth while where much similar work 
is done, tor special members a plain quadrillod sheet with a heading for general 
information and unit stresses, similar to that shown on the beam sheets, is well 
adapted. A few typical cases neatly worked out and included in office data books 
’are helpful. 

T-hc adoption of dcifinitc tables or curves for design as an office standard 
makes for efficiency. Such tables and diagrams as are given in the volume on 
^'Structural Members and Conrujctions’' are suitable. 

Design sheets should be of the most conv(uiient size for filing, which is usually 
letter size. 

Ihe detailcrs will take the information from th(‘ d(*signers and make the actual 
drawings under the constant supervision and advice of the squad chief. 

In detailing a concrete struc- 
ture, structural steel practice 
rather than architectural prac- 
tice should be followed in the 
choice of views to be made — 
that is, beams, columns, slabs 
and walls should be considered 
as units, and should be given 
an identifying mark on assembly 
drawings and then detailed indi- 
vidually. In other words, the 
structure should be taken to 
pieces and the individual parts 
detailed as separate? members. 

Detailing by means of numer- 
ous g(‘neral sections showing 
some members in cross-section and others in (‘l(?vation j)roduce.s complicated, 
incomplete and unsatisfactory drawings. 

Detailed views should be taken as sections rather than as Detail at A because 
the section automatically orients the view. 

Sections should all be taken looking North and West or according to some other 
standard to avoid frequent change of mental viewpoint in reading the drawing. 

Sectional views should be arranged in the order in which they are taken in the 
general view and then lettered or numbcirod in sequence. 

In making the drawing the dctailer should endeavor to fore.scc all needed 
.sections so that the original drawing may be well arranged, but it is seldom that 
improved arrangement can not be made in tracing. 

Very often nowadays pencil drawings arc made on transparent paper so that 
prints may be sent to the field more quickly. However, many changes are often 
made on concrete drawings between the time they are started and the time that 
the work is completed and few transparent papers stand erasure well. In addi- 
tion the surface of the paper becomes grimed so that pencil prints are apt to be a 
considerable bugbear to the field men. At least all the framing plans and all 
important or complicated details should therefore be inked on cloth. 
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This inking of drawings on cloth or paper will be done by tracers. 

When drawings are traced, the squad chief has a chance to rearrange them and 
see that sections and subordinate details are logically arranged with reference to 
section letters used and the points where they are taken. A few minutes' study of 
the best arrangement of a drawing before tracing, saves much future time in 
consulting the drawing both in the field and in the office. 

Individual sections or details should always be separated by a space 1 or 2 in.' 
wide. Crowded views that tooth into each other are an unnecessary waste of 
time and temper. 

When original drawings are made on transparent paper, checking prints are 
often taken before tracing so that time may be saved by carrying on checking and 
tracing operations simultaneously. 

Checking on the original drawing may safely be done when drawings are 
simple and are on cloth, otherwise the expense of a print for checking is well 
worth while. 

The checker will verify the correctness and completeness of all given informs- 
tion. In addition it is very important that he check the concrete drawings against 
those of the mechanical, electrical and other squads for interferences. There is a 
temptation to run pipes and ducts through concrete members rather indiscrimi- 
nately and checkers must be careful to see that such equipment as necessarily 
intersects concrete members is so located as to be safe from a design standpoint 
and practical from the construction viewpoint. 

Checking on prints is done with colored pencil and a standard use of marking 
is helpful. The following is a successfully used standard in a large drafting room: 

Black is to be used by checkers for lines or information to be added. 

Ro(] is to be used by checkers for lines or information which is wrong or to bo taken out. 

Yellow is to be used by checkers for lines or information which is correct. 

White is to be used by draftsmen to check off corrections made. 

Blue is to be used on tracings in case it is necessary to check thereon. 


In connection with the use of yellow pencil it should be noted that, on 
complicated reinforcement details, check marks are confusing because of the 
closeness of lines. Tracing lines, checked and found correct with a yellow pencil, 
is a quick and clear method. The yellow is not heavy enough to obliterate 
checked information. 

After checking, all changes should be back checked by the dctailcr who made 
the drawing, before final revision is made, and of course the revision is back 
checked by the checker. 

6. General Rules. — Conventions in concrete detailing have been developed 
in the larger offices and play an important part in concrete drawing. They 
simplify the drawing operation and are much more easily read than the most 
beautiful drawings. 

6a. Scale. — Framing plans are usually or J-i in. = 1 ft. ac- 
cording to the size and complexity of the plan. Details are most commonly 
in. = 1 ft. One-fourth inch = 1 ft. is sometimes used, but except in the 
simplest work it is expensive of time. When in doubt use the larger scale. 
Larger details than in. scale are not needed except in the case of ornamental 
outlines or unusually small details. 
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66. Conventions. — Reinforcement details should be primarily dia- 
grams. Clear indication of the way rods are to be placed is vastly more important 
than true orthographic projection. For example, the rods shown over a support 
in actual projection in Fig. 12 may actually be as shown in diagram in Fig. 13 or 
Fig. 14. They should always be diagrammed correctly, as shown in one of the 
latter figures. The section or notes will indicate that the rods are at the same 
elevation and proper scheduling will bring them there. 


Fio. 12. Fig. 1.3. Fig. 14. 

Full heavy lines are used for reinforcement in the details in this chapter 
(except for flat slabs) and this is the most satisfactory convention. Dash 
lines as sometimes us(id are slower to draw and often lead to confusion at points 
where two or more rods meet. Sufilchmt distinction between reinforcement 
rods and the lighter outlines on the one hand and the hcavii^r beam lines shown 
on J'^-in. scale framing plans arc easily made by weight alone. Figure 15 shows 
a satisfactory standard. 


Dimension fiinfl tvifness fines 
Concrete outlines, ties, ^n^ stirrups 
Pemforcement except c^s above 
Steef beams on concrete framing pfans 
Concrete beams on scafe framing plans 

Fig. 1.5. 


Dash lines of the same weight as other reinforcement arc effectively used, 
however, to show rods detailed in another member but projecting into the 
member being detailed or tying with some reinforcement of the latter member. 
This is illustrated in Figs. 7 and 24. Further conventions arc mentioned under 
the descriptions of various classes of details. 

Sections of concrete can be most easily indicated by shading on the back of 
the cloth or paper with a soft pencil. This is a much quicker process than the 
conventional sign which is necessarily used for illustrations in this chapter, and 
is fully as effective. 

6c. Dimensions and Listing. — Most important in dimensioning 
concrete details and listing the reinforcement is to have a standard, or habit, 
and to stick to it. On plans the marks of the column lines, the bay sizes, overall 
dimensions, etc., should be in the same corresponding positions on all similar 
views. Listing of bands of slab rods should be in logical sequence. 

On each of a group of similar details all the information should be on corre- 
sponding places on the detail. Considering beam details, for example, proceed 
as follows: Give the locations of intersecting beams in a line of dimensions 
above the elevation; the clear span and support width in the first line of dimen- 
sions below the elevation; the span center to center of supports below this (see 
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Fig. 24); the stirrup spacing near the center of the elevation; the cambered 
or txiiit steel list just below the left end; the straight steel below the right end; 
and the stirrups and spacers under the center of the beam, etc. Consistency 
of this kind is (‘ss(!ntial for good details. The location of the information, so 
long as it is clearly given, is of less importance than the consistency in placing 
it in a given location. 

Ilods usually appear in more than one view. They will, of course, be listed ’ 
in one view only, and be noted in the others if necessary for identilication. It 
is important for good dc^tailing that they be listed in the best place. Ordinarily, 
this is in the view in which the rods a])])car in proj(?ction as a straight line. When- 
ever a structure is dc'tailed in parts, howt'ver, rods wdiich run into two parts 
should always be listed with the part which will be poured first. For 
example, in a tiinn(‘l, angle rods from the floor into walls should be listed in the 
floor detail. 

6d. Key Plans. — ^^Phe use of small k(‘y plans on detail sheets 
should b(i more common than it is. A Jie in. = 1 ft. or even smaller skeleton 
assembly plan plac(‘d directly over the title, with the members dctail(;d on that sheet 
shown h(!avy and marked, and the balance of the plan shown very lightly, gives 
at a glance information that may otherwise tak(^ some time to obtain. A similar 
key plan should also be used with large complicated mat footings, and is also 
very helpful in dettiiling long tunnels or retaining walls and flat slabs (sec Figs. 
21 and 30). 

6c. Beam and Column Marks. — The common method of giving 
columns and beams consecjutive numb(*rs is open to grave objections. In the 
course of changes which most plans undergo, No. 99 is 
very likely to land between No. 13 and No. 14 and is 
then difficult to locate. 

The coordinate systenn (see Fig. 16) while it may 
at first seem complicat(?d is actually simple and quickly 
learned. In this system column center lines vertical on 
the jflan are lettered and horizontal column center 
lines are numbered. Columns arc then easily located 
^ by their dcjsignation as Al, Cil, etc. being at the 
intersection of the A and 1 lintis and the intersection 
of the C and 1 1 lines, respectively. A 1 is obviously a 
corner column. All A columns and all 1 columns will usually be exterior 
columns. The other outside lines will usually be remembered by all the men 
working on a building before drawings arc far along as will also any other special 
lines such as those adjacent to elevator wells or locating construction joints. 

In the case of repetition of similar buildings, standard letters for certain 
parts may be used — ^as, for example, in a typical steam-generating station: 

A for the outside of the electrical bay, B the line between the electrical bay 
and the turbine room, C the line of the fire wall between the turbine and boiler 
rooms, D and E the rear and front boiler columns of the first line of boilers, 

F and G the front and rear of the other line of boilers, and H the outside wall. 
With no electrical bay, the B line becomes an exterior line. With only one 
row of boilers F becomes an outside line. Extra wall columns in the turbine 
room, or boiler or ash pit columns may be Bx, By, Bz - Fx, etc. With a 


g> 




Q> 

d) 

Fio. 10. 
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system like this every one in an organization places column (74 in the fire 
wall without need of consulting any plan. 

Beams are given the location mark of the column in the lower left-hand 
corner of the bay in which they occur and arc marked V if vertical and H if hori- 
zontal — as C2H or DSV. 2B (second floor beam), HB (roof beam), etc. arc used 
as a prefix to these marks. Intermediate beams arc given a prime, as 2BA2V' 
• or 2BBSH\ 

In the case of two or more identical beams on the same floor, typical numbers 
arc given instead of location marks; odd nunilxTs for beams horizontal on the 
plan and even numbers for vertical beam, as 2B1, 2^2, etc. 

The coordinate system can be adapted to i)ractically any structure and is 
an immense time saver. 

6/. Specifications and Notes.- The limits of information given on 
drawings and in si)ccifieations vary greatly in different offices. The critcrions 
are (1) clearness and (2) ('conomy. A good general rule is that all information 
which is general -form requinnnents, metliod of mixing and placing, quality 
and size of aggrcgat(\s, etc. — should be taken care of in the specifications, and 
requirements that diffc^r for various subdivisions should be placed on the drawings. 
This is on the assumption that the information can be expressed in few words, 
for hand lettering is expensive. Under this latter clause falls the mix, which is 
commonly noted on <iach drawing. 

All general notes such as specification items, grades, cross-references, etc., 
should be groupcnl over or beside tlie title for easy n'ferc'nce and not scattered 
around over the drawing. 

7. Framing Plans. — Framing plans are the first su])(*r-structure drawings 
of buildings. All framing plans, as well as all detail plans, should be similarly 
oriented, otherwise confusion is almost sure to arise. 

The columns shown on framing plans should be those below the floor. They 
are ordinarily shown in full lines despite the fact that they arc invisible. 

On in. = 1 ft. scale plans, concrete beams arc usually shown as single 
full lines (Fig. IG). Single linos representing beams are made heavier than those 
showing reinforcement (see Fig. 15). Where the supporting beams are steel, 
a dash line of the same w'cight is used (sec Fig. 17). On in. = 1 ft. scale 
drawings, beams arc usually shown with two dotted linos with the distance 
between these lines approximately the beam width (see Fig. 18). 

Framing plans should show: (1) The dimensions of bays each way; (2) beam 
marks; (3) the location of all beams from the nearest column center line (on 
single line framing plans, beams only a few inches off center should be shown 
slightly out of scale for clearness) ; (4) size of all beams (in case of sloping floors 
note the grade from which the depth of the beam is taken — or make a general 
note ‘‘all beam depths arc given below the rough slab grade' and (5) the size 
of the columns below the floor. In addition the framing plan is usually the slab 
detail plan. 

The general notes on a framing plan will give the grade of all floors shown, 
noting carefully rough or finished grade; any specification data; and any cross- 
reference notes such as West end of second fioor shown on Sheet 7/79, All beams 
on this sheet similar to corresponding beams on 2nd floor, For details of beams 
see sheets F21, F22, etc. 



692 REINFORCED CONCRETE AND MASONRY STRUCTURES [Sec. 11-8 

On large buildings, it is often worth while to make on each framing plan an 
index table for detail sheets in such form as the following: 


Beam 

Detail 
ON Sheet 

IBl 

m2 

IB2 

m2 

1B3 

ms 

IBAGV 

FU 

\BJ2H 

F3fi 

Columns 

Detail 
ON Sheet 

Ai 

1122 

A2 

1122 

Bl 

H 23 

B2 

1123 


Slab reinforcing details are considered in Art. 9. 

8. Surface Plans. — Complicated floors require two plans to show without 
confusion all the required information. This follows from the fact that openings 
not only have to be dimensioned themselves, but they also complicate greatly 
the details of the slab reinforcing. In such a case a surface plan, so-called, is 
made as an outline plan (see Fig. 19). On the surface plan, openings and pedes- 
tals are located and dimensioned, surface slope (if any) is shown, and beams are 
marked, sized and located. 

The second plan then becomes simply a reinforcing plan showing, but not 
dimensioning outline features except that it is often a convenience in working 
out slab reinforcing details to have on the reinforcing sheet the distance of beams 
off column center lines. 

Occasionally power station or factory floors are so complicated as to need 
in addition to the above-mentioned plans a bolt location plan. The name of 
this plan i.s sufficiently descriptive of its purpose and scope. Anchor bolts are 
considered in Art. 12. 

9. Slabs and Walls. — Slabs and walls are similar in detail and vary only in 
position. They have in general main reinforcement perpendicular to a system 
of beams, and spacers at right angles to the main r8ds. The main steel may be 
cambered to give negative reinforcement (Fig. 18) or the so-called loose-rod 
system of separate bars to take care of negative moment may be used (see Fig. 17). 
This latter S3''stenj. is commonly used for slabs 6 in. and under since cambers 
less than 4 in. are not practical. In walls, vertical rods are placed otsidc (nearer 
the face) wherever possible. This is better for placing concrete. 

9o. Listing. — Steel in plan, or elevation if m walls, is best indicated 
by considering bands consisting of rows of evenly spaced identical bars. The 
outside bars of the band are shown and the band listed as shown in Figs. 17, 18 
and 23. In architectural detailing the bands may be similarly shown and simply 
listed as % ^6 in. c. to c. 

A diagram of two adjacent rods will be noted in Fig. 18 in the center of the 
bays. This is an advantage in working out the detail and will save separate sec- 
tions to a large extent. 




Poels markott in top of sl^b. 3/frb 4" thick 

Bottom steet to tx* §'<tSc to c. with butt joints Ibp of rou^ sifib to bo Si* 

at boams, staqqoroa. ftbore of oteet 

spacers for each top tart^. 
spacers B^c.toc. for bottom sto^. 

Bottom steel to rest on steel beams. 

"fop steel to be centered befotv 
hp of rou^h slab. 


ri(j. 17. 


to C.-/.6’. Then usci as a general note : — Ail rods marked Ls. are in the top of the 
slab, all other rods are bottom or cambered steel or All rods marked f.s. are in the 
far side, all other rods are in the near side. 



Fio. 18. — Slab detail. 


Li listing bands, the type, and spacing are obviously needed for setting the 
steel on the floors. The size should also be given because rods are ordinarily 
stored by sizes on the job, and this informaton is, therefore, helpful in finding them. 
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Schedules are ordinarily not used in setting, and if used, cross-reference between 
plan and schedule is a nuisance. 

Ambiguity in rod listing must be avoided. Notation as shown in Fig. 20 
is common with the inexperienced draftsmen. In such a case there is doubt 



whether two bent and two straight rods are called for or only two rods total. 
In the case shown each rod should be listed separately. 

96. Spacers. — Spacers arc very commonly |^-in. rounds 2 ft. on 
centers, for ordinary slabs. In walls a size smaller than the main reinforcement 
is commonly used with a maximum of H in. and a 
minimum of % in. and with spacing 18 in. to 3 ft. They 
are ordinarily random length for the smaller rods, 
Fio. 20. scheduled as total length and cut on the floor. They 

may be covered by a note, or indicated in the diagram 
(see Fig. 18). The larger spacers (Ji or in.) should be listed and typed in 
bands like main reinforcement. 

9c. Rod Spacing. — Rod spacing in slabs is limited in the Joint 
Committee’s report to times the slab thickness and the minimum should 
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be as in beams. Common practice for ordinary work is 1 to 1 times the slab 
thickness. 

9d. Sections. — In addition to slab plans and wall elevations, suffi- 
cient sections must be given to clearly indicate the location of all steel (see Fig. 23). 

9c. Flat Slabs. — Flat slab construction is detailed like other slabs, 
.except that typical bands may well be listed Band A, etc., and described in 
detail only once, or the schedule may indicate the makeup of the various bands 
(see Fig. 21). This is sometimes possible with beam-and-slab construction. 

The S.M.I. flat-slab system makes use of units of spider type over columns 
and in the center of bays. On reinforcement plans of this system each unit 
is completely shown once and elsewhere simply a circle is shown (the outside 
ring) and marked Unit C, etc. Where separate units are used for positive and 
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negative reinforcement, different weights of lines may be used for top and bottom 
steel. This helps greatly in the clearness of the drawings. Figure 22 shows an 
excellent example of much information clearly and economically given in com- 
paratively small space. 

10. Beams. — Beam details will constitute a large part of the drawings on a 
beam and girder building. Great care in method and standards of beam detailing 
is therefore worth while. Owing to field fabrication, printed templates for beam 
details such as are used in most larger structural steel shops have met with 
little favor in concrete work and picture diagrams to scale are accepted practice. 

Some conventions are used primarily in beams. The dash line is used in 
the section to indicate cambers in elevation. In the elevation it is used to indicate 
rods belonging to another detail. A somewhat lighter line is used for stirrups 
than for main steel. The open circle at the top of the camber is used for a hori- 
zontal rod in elevation while the solid circle is used for the rods cut by the section. 

lOa. Rod Spacing. — Hod spacing in beams must be determined by 
theoretical considerations. In addition to this the clear distance between rods 
should be not less than twice the largest aggregate size. Rods are often used 
in two layers, very seldom more than two. Layers of beam rods are usually 
separated 1 in. by short spacer bars. The distance between these spacers depends 
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on the size of the main steel. Fifty times the diameter of the main steel is 
reasonable. There should be at least two spacers under each rod of the top layer. 

106. Connections. — ^The intersection of beam, girder, and column 
steel over the column head must be carefully studied. With a beam centered 
on a column, careless detailing often shows a rod in the center of the column and 
one in the center of the beam. Small rods in. or less) are easily offset, bulj 
this is not the case with larger rods. Beam and girder intersections must also 
be detailed with care to see that interference is not caused by rods at the same 
grade. 

10c. Inflection Points. — ^Locating cambers so that there is sufficient 
steel, both negative and positive, for extreme variations of inflection point with 
all loading conditions is a point which requires careful study for an economical 



detail. The use of two sizes — such as 3-^^ in. and 3-% in. for main steel in 
continuous beams with the smaller rods cambered each side of the support and 
the loop rods continuous over supports — often gives an economical detail. For 
other conditions, supplementary straight negative bars offer the best solution. 
This part of the detail, particularly in the case of typical beams, should receive 
careful attention. 

l(k/. Stirrups. — ^h^xcept in very large and important members 
stirrups are left to the detailer to space. Girders will ordinarily have constant 
stirrup spacing, of course, as will upstanding spandrels where the principal func- 
tion of the stirrup is to tie in the slab. For uniformly loaded beams, after a 
careful layout of stirrups in a typieal beam, an experienced detailer will locate 
stirrups satisfactorily from a determination of the theoretical spacing at the 
supports. It is good practice to place stirrups 4 or 6 in. from the face of all 
intersecting beams. The first stirrup is located by many engineers about H 
yi of the depth of the beam from the face of the support since diagonal tension 
cracks seldom start at the support. In very wide beams where stirrups of more 
than four legs would be needed it is better from a practical standpoint to use 
several U’s or W's, as shown in Fig. 25. Rods larger than in. should not be 
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used as stirrups, unless absolutely necessary, on account of the difficulty of bending. 
In special spandrels such as cornices, stirrups or binders are needed as spacers 
and tics more than for shear (see Fig. 24a). 

lOe. Bond. — Bond is seldom an important item in beam and slab 
design. Most properly designed beam reinforcement is sufficient for bond. In 
beams continuous over supports, part of the main reinforcement is usually 
cambered. The balance is continued across the support as compression steel in 
T-beams, and this use determines the lap rather than bond (see right-hand sup- 
port, Fig. 24) . At end supports straight steel is often hooked. It is good practice 
to hook the ends of tension rods at all end supports. The ends of stirrups usually 
need hooks for bond and it is good practice to hook all of them. 

10/. Loop Rods. — Loop bars (as shown in Figs. 7 and 24) to catcli 
the stirrup hooks where tlierc is no main steel in the top of the beam are 
not required from design considerations although they may be used for negative 



steel if continuous over supports, but they will repay their cost in keeping 
the stirrups in place during pouring. They are a necessity for beam cages 
fabricated outside the forms and can be used with cross joists to support the 
beam steel in the form. 

Deep narrow beams usually have intermediate horizontal rods for expansion, 
as shown in Fig. 25a. 

11. Columns. — -An office standard for column detailing is shown in Fig. 27. 
In the architectural type of detailing, a column schedule as shown in Fig. 26 is 
satisfactory. Main steel may be listed as long rods and short rods, and notes 
added. In the case of columns having complications, such as brackets, eleva- 
tions should be drawn, as shown in Fig. 27. 

11a. Rod Spacing. — The rod spacing of the main rods usually 
takes care of itself with standard percentages of steel and cominercial rod sizes. 
The maximum spacing of vertical rods allowed by good practice is about 10 or 12 
in. In the case of large columns with high percentages of steel it is difficult to 
get all the bars that are required in one band. The largest rod easily available 
in most localities is IH in. In large columns these should be spaced at least 
4 in. apart, and, where spiral hooping is used, at least 6 in. Where too many 
rods are required for this spacing, two rows of rods should be used or some of the 
rods should be placed in the form of a cross inside the core. 




700 REINFORCED CONCRETE AND MASONRY STRUCTURES [Sec. 11-116 

116. Spirals and Hoops. — Spiral hooping for columns is expressed 
in percentage of volume of hooping to volume of core per unit of length. 

Hooping has great possibility of irregularity when the core is of large diameter. 
In order to ship flat, two vortical ties only are used, and this leads to deformation 
in handling. One inch cover will do on 12 to 16-in. columns but, on 3-ft. cores 
or larger, at least 3 in. of cover should be allowed irrespective of fire risk. Hoops 
are limited by the Joint Committee’s report to a maximum spacing of 12 in., or* 
16 times the diameter of the longitudinal bars. Light rods suffice for this hooping, 
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to in. being the common sizes; % in. round the most used. Corner and 
other special columns of irregular outlines need special attention to ties, to assure 
rigidity of vertical steel during pouring. The number and spacing of vertical 
rods may also have to be considered in making a rigid cage. Several special 
cases are shown in Fig. 28. Some engineers also add extra ties in rectangular 
columns over 24 in., as shown in this -figure. 

11c. Splices. — Horizontal joints in columns ordinarily occur at the 
bottom of the deepest girder, at the rough floor grade, and, in some cases, at the 
top of upstanding spandrel beams. The top of the rough floor is usually a 
splice point (except in wall columns with upstanding spandrels where the rods 
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should be spliced at the top of the spandrel) and good practice requires rods, to 
the number of those in the upper section, run up from the lower section, the distance 
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however, to so place and hold faced rods for the direct transfer of load. Where 
offsets are required in extended rods on account of change of column sections, 
they should be at least G in. below tlie splice, and offsets should not bo by slopes 
of more than 30 deg. with the vcTtical. 

12. Footings. — Footings are usually simple in detail. Owing to field require- 
ments stirrups are practically never used in footings and cambered rods are used 
very seldom except in continuous footings. Two elevations or a plan and one 
elevation .suffice for most footings. Figure 20 shows an unusually complete 
footing detail and also illustrates a schedule on the sh(;et with the detail. 

Stubs for column steel, (‘quivalent to the reinforcement of the lowest column 
section, are detaih'd with the footing. They sliould be 2 times the bond distance 



in length and project this length. Small bearing plates for column rods arc 
occasionally used in place of stubs. 

Anclior bolts need(*(l in foundations for machines or steei columns should be 
detaihid with the footings. Sometimes they are anchored by a right-angle hook 
(which should be at least nine diameters in length) or a 180-deg. hook, and 
sometimes with a nut and washer. They arc set in a pipe slc(we to allow adjust- 
ment. It is usually a convenience to have noted on foundation drawings who is 
to furnish anchor bolts. 

13. Pits and Tunnels. — Complicated or large pits and tunnels should bo 
separated into component parts for detailing. Floor slabs, walls, and roof slab 
should be given marks on an assembly or key plan, and then detailed individually 
with a plan or elevation and one or more sections. Small pits in floors can be 
detailed with the floor slab by the use of two sections, an exception to the 
general rule. 

Long tunnels such as are often used for power house intake and discharge 
tunnels can be clearly and economically detailed by the use of a small scale key 
plan defining the extent over which certain typical cross-sections are to be used. 
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This method is also the general method of detailing sewer or aqueduct sections 
(see Fig. 30). 
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14. Turbine Foundations.— The designers of large condensing turbines and 
condensers leave little room for concrete supports. Clear.ance outlines need 
careful study and skilled draftsmanship. Spans arc short, 
loads hc.avy, and stiffness requirements are so severe that 
bond and shear problems are difficult. Haunched beams 
and hooked rods arc usually required. Foundations for 
the largest units should be Jbroken up like a small build- 
ing and the members detailed individually. 

15. Retaining Walls.— Retaining walls of umform section may be detailed 
by the method suggested for long tunnels. Counterfort or buttre® wdb should 
have a key plan givSg a mark to wall panels, buttress or counterforts and footings. 
These walls should then be detailed as units. 
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16. Stairs. — Stairs with intermediate landings, as are usually required, make 
difficult details. One common mistake occurring frequently in stairs is the use 



Fig. IV2 . — Stair reinforeenioiit dotail. 

of a rod continuous around the inside of an angle, as shown in Fig. 31 . This is 
bad since the resultant of the tension in the two runs of the rod acts only 



Fig. .'^3. — Stair reinforcement detail. 


against the fireproofing. Three standard stair details arc shown Figs. 32, 33 
and 34. 



Fig. 34. — Stair reinforcement detail. 


17. Arches, Dams, etc. — ^Large hydraulic structures such as arches and dams 
usually have simple reinforcement which is easily shown. Outlines may be 
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complicated curves but their detailing is simply a matter of defining and locating a 
locus curve and tying in sections to this curve sufficiently close to give required 
precision to the surface. Such structures are usually covered completely by the 
designing engineer and require little of the draftsman. 

18. Construction Joints in Miscellaneous Structures.— Construction joints 
should be included in some details. For example, tunnels are usually poured in 
three parts; floor, walls and roof. If the 
walls are subject to pressure, it is important 
that they have bearing on floor and roof. 

Details such as those shown in Fig. 35 should 
be designed for shear. 

19. Spacers in Miscellaneous Struc- 
tures. — Spacers in miscellaneous members 
need more attention than is often given 
them. In addition to their theoretical use 
for temperature, or to distribute loads, they 
have the important function of holding the main steed rigidly in place during the 
pouring of the concrete. Some practical thought of how the steel is to be placed 
and held, is necessary in locating spacers. For example, bands of L«shaped rods 
need three spacers at least, one in the angle and one near each end, if the band is 
to be hold rigid. 

20. Rod Splices in Miscellaneous Structures. — Construction joints must also 
be considered in reinforcement detailing. It is bad practice to have rods extend 

through a construction joint with only a small part of their 
length imbedded in the first pouring. This is especially bad 
in the case of vertical rods. They arc difficult to support and 
very likely to be bent out of shape. As far as possible, where 
rods would project 6 ft., or more than half their length beyond 
a joint, they should extend only the bond distance and should 
then be spliced by other rods starting at the joint. Figure 36 
shows a typical illustration of this. 

In some cases vertical rods cannot conveniently be extended 
up through the joint, and special short rods called stubs are 
used in such cases as noted in Art. 12. Vertical rods should 
always start at a construction joint when possible, so that they 
may be set directly on the old concrete when placed (see Fig. 
36). Design factors sometimes overrule the foregoing — ^for 
example, high walls often require vertical steel from top to 
bottom while one or more construction joints are necessary. 
Care must be used in all such cases to conform to design requirements and at the 
same time make placing as simple as possible. 

21. Reinforcement Cover. — The cover over reinforcing rods — ^as, for example, 
under slab or beam rods or outside of column rods — serves to protect them from 
fire and weather and also to develop bond on the entire surface of the rod. Too 
little cover means danger from fire or sometimes moisture; too much in beams and 
slabs means cracks in the concrete below. A J^-in. clear cover for slabs 4 in. 
thick, with rods not over yi in., and a small fire risk, is the minimum. A 1-in. 
clear cover is about the maximum used for ordinary slabs. For beams and girders 
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1 H to 3 in. is used according to the importance of member and the fire risk. In 
columns, from 1 to 4 in. is used. 

22. Shop Bending. — Every concrete detailer should be familiar with rein- 
forcement in place in the forms, and as far as possible with the process of bending 
and placing. With odd-shaped rods, bending difficulties should receive careful 
consideration. Radius bends larger than 4 in. are difficult and expensive to obtain. 
Small bonds are made around pipe sleeves or blocks. An exception to this is 
spirals, and circles such as arc used in the S. M. I. flat slab system. Special 
machines in well equipped yards take care of these economically. It should be 
remembered that on large rods a precision on offsets closer than 1 in. is difficult to 
obtain. Details should not, therefore, be made which require such precision. 
Angles in rods, except parallel offsets, cannot be made with great precision, and 
accurately bent rods will spring in handling unless very heavy comj)arcd to their 
length. Details, therefore, in which a slight variation in the angle of the rod 
would cause trouble should not be made. For example, h'ig. 37 is bad. The 
detail should be as shown in Fig. 38. Cambers, in slab rods (Jg in. or under) may 
be as many as four within reason. With larger rods, as used in beams, not more 
than two cambers should be used in a single rod. 
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23. Field Assembly. — Rending may be done in the contractor's yard or on the 
job. In either case the bcnit rods tagged with ty])o numbers are stored, usually 
by sizes, in racks, or, if space is available, on the ground opposite the place where 
they are to be used. 

Column steel is usually assembled on horses and placed as a unit. Beam steel 
may be handled in this way but where beams intersect over the columns at least 
part of them must be assembled in the forms. Beam rods hooked into si)iraled 
columns should be avoided on account of the difficulty of placing. When beam 
steel is assembled in the form, loop rods and stirrups are first placed, then the 
bottom steel and finally any loose negative bars. 

In slabs, assembly by units is generally impracticable except in some types of 
flat-slab construction. Spacers are laid do#n preferably on suitable chairs, and 
the main reinforcement is placed on them and wired. 

In wall reinforcement, vertical rods are usually placed first and then the hori- 
zontal rods tied to these. In slab and wall reinforcement, deformed rods arc held 
more rigidly in place by wiring than plain rounds, which have a tendency to slip 
through the ties. 

24. Rod Sizes. — In the choice of rods there are a few points to be considered. 
In the first place, rods of M to 1-in. diameter have base price — ^that is, the lowest 
price per pound — and other things being equal, are the cheapest. One-sixteenth- 
inch sizes with the possible exception of Jle in. square are not commercial sizes. 
Three-eighths to 1 in. are the readily available sizes. Good detailing limits the 
sizes in a single unit to two adjacent sizes and limits as far as possible the number 
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of sizes on the whole job, to avoid confusion. Squares and rounds should not 
be used together. 

26. Schedules. — Rod schedules are sometimes made as a table on the drawing 
itself, but best practice is a separate sheet which is commonly about 12 X 21 in. 
This size is easily handled in the yard. 

Type numbers must be considered in connection with rod schedules. Letters 
for various types are convenient. Those shown in Fig. 39 are in successful use. 

The individual rods are given separate numbers and care is necessary to avoid 
duplication of numbers. The use of the number of the sheet on which the detail 
of the rod occurs, as part of the type number, is open to the objection of giving 
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a long number, but it automatically avoids duplication. This is illustrated on the 
schedules given. 

Two types of schedule are shown (Figs. 40 and 41). The first giving a sketch 
(not to scale) of each type is particularly suited to irregular reinforcement or to 
inexperienced bending gangs and is the simpler in the field. For ordinary 
building work or any other work with a reasonable limit to the number of types, a 
schedule like Fig. 41 is more economical of time in the office. 

The space at the right in each schedule shown is for estimate, weight, shipping 
and cutting notes, etc. 

Blank schedules can be printed on bond paper to advantage. 

Schedules include, of course, the lengths of bar in each run — that is, the distance 
between angles and the total length. In getting the total length of rods it is 
customary to make all rods even H or yi ft., allowing the odd inch or two at one 
end. In the case of bent rods it is necessary in computing length to allow for bends. 
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REINFORCEMENT SCHEDULE FOR DRAWINO 
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One inch for a 90-dcg. bend is usually safe. The dimension of one hook on rods 
with many bends like hoops or stirrups may be left off, but the total length should 



be suflicient to insure a satisfactory hook. The curves in Figs. 42 and 43 are con- 
venient for finding camber lengths. At the intersection of the vertical line for the 



camber height, with the horizontal line for the horizontal projection of the camber, 
read the slope lengths with the arcs as a scale. For 30 or 45-deg. cambers the slope 
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distance can be read at the intersection of either height or distance with the 
corresponding slope line. 

26. The Concrete Detailer. — ^The capable concrete detailcr must have knowl- 
edge and ability equal to, or greater than, that of the ordinary steel detailer. He 
must know enough of design to know where tension exists and to locate camber 
point and stirrups in ordinary work. He must be sufficiently familiar with prac- 
tfee to allow sufficient fireproofing; to detail separators, spacers, stubs and hooks; 
and to make complete and practical bending schedules. 

He must know that concrete reinforcement details are primarily diagrams. 
Precise scale is secondary to clear })icturiug. 

He must list rods once, and once only and know where to list them. 

Lastly, of course, he must do his work in a reasonable time. The following 
figures for 27 X 37-in. drawings of in. = 1-ft. plans and H hi- = 1-ft. details 
are averages for one complicated powerhouse building. They should be bettered 
in simple building work. The time includes squad foreman, but no one above, 
and includes detail design, drawing, checking and tracing. 

flours per drawing: 


Design 20 (includes checking of design) 

Detailing 40 

Tracing 20 

Checking 15 (of drawing only) 

Revision 3 



SECTION 12 


ESTIMATING CONCRETE COSTS 


ESTIMATING UNIT COSTS 

By Leslie H. Allen and C. M. Chuckrow 

There are four principal items that enter into the cost of reinforced concrete 
construction that should be separately considered and priced: (1) The concrete, 

(2) temporary formwork or centering, (3) steel reinforcement, and (4) finishing 
of the exposed surfaces. The cost of concrete work cannot be accurately esti- 
mated unless these four items are each analyzed separately. 

The costs given in this chapter are based on the cost of concrete materials in 
the larger cities and the rates paid to labor in these cities (namely: Carpenters 
$1 per hour, laborers 50 cents per hour, carpenter foreman SIO per day). It 
is difficult to compute labor costs by estimating only the time of mechanics 
and laborers, as on any construction job there is a great deal of supplementary 
labor engaged beyond that sjient directly on the operations of the job. The 
costs given, therefore, include these and the figures given can readily be adjusted, 
where labor rates differ, by varying the unit cost given in proportion to the 
labor rates paid in the locality. 

1. Estimating Unit Cost of Concrete. — In analyzing the cost of the first item, 
''concrete,” it is necessary to consider: (1) The materials — cement, sand, stone 
and water; (2) the labor of unloading, mixing and placing of these materials; and 

(3) the contractor's plant and necessary tools. 

la. Materials — Cost of Cement — Cement in carload lots is figured 
at S2.50 per bbl. f.o.b. the job. If the cement is delivered in paper bags, there 
is an extra charge of 10 cts. per bbl. If delivered in cotton sacks, the extra 
charge is 40 cts., but this 40 cts. is refunded by the piills if the sacks are returned 
in good condition. Most contractors prefer to buy cement in cotton sacks and 
return the sacks when empty. 

The cost of testing cement runs between 2 and 4 cts. per bbl. Contractors 
and engineers usually arrange for the whole shipment of cement being sampled 
and tested by a commercial testing laboratory. The usual charge per carload is 
about $5 or $6. The quality of cement today is so uniform that tests on every 
shipment are no longer deemed essential by many purchasers. 

It usually costs about 8 cts. per bbl. to unload cement and place it in tern* 
porary storehouses. If there is no railroad track to the site of the construciiotf 
job, the cost of teaming must also be added and at a distance of one mile this 
would cost about 10 cts. per bbl. 
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In addition, the contractor must figtire the cost of handling and returning 
empty sacks, the freight on same, and the loss of a few damaged or torn ones. 
It is usually safe to estimate these items as averaging 3 or 4 cts. per bbl. 

A tabulation of these costs, therefore, will show the cost of cement per bbl. 
ready for use in the mixer as follows: 


Cement f.o.b. cars at point of destination $2.50 

Cotton sacks 0.40 

Total cost of cement at job $2.90 per bbl. 

Deduct for empty sacks 0.40 

$2.50 

Add cost of testing 0.03 

Cost of unloading 0.08 

Cost of teaming, if any 0.10 

Freight and loss on empty sacks 0 03 

Total net cost of cement ready for use at the mixer. ... $2.74 per bbl. 


The quotations given by the cement companies always include freight and 
sacks.* To arrive at the net cost it is necessary to deduct for the sacks and add 
for the supplementary items as shown above. 

Cost of Sand , — It usually costs about 80 cts. per cu. yd. to dig sand and load 
on teams or cars. If it has to be screened or washed, this will add from 10 to 25 
cts. to the cost. Teaming or freight will vary according to the length of haul but 
will usually bring the cost of the sand ready for use up to $1.75 per cu. yd,, 
delivered to the job. If it comes by rail, there should be added 25 cts. per cubic 
yard for unloading from the railroad cars, and, if it comes by team, the cost of 
receiving it and trimming stock piles will usually average about 10 cts. 

Cost of Coarse Aggregate , — Crushed stone will usually cost from $1.35 to $1.C0 
per ton at the crusher. Teaming or freight on a short haul may run from 50 to 
75 cts. per ton so that the cost of crushed stone, delivered to the job, generally 
varies betw'ecn $1.85 and $2.30 per ton. If the stone has to be unloaded from 
railroad cars at the job, the labor of doing so will cost about 35 cts. per ton. 

If screened gravel of suitable size and quality is available for use, it can 
generally be obtained for about $2 per cu. yd., a considerable saving on the 
price of crushed stone. In comparing the price of gravel and crushed stone, 1 
cu. ft. of crushed stone may t>e considered as weighing 100 lb. 

In large bridges, dams and other structures built in places that are difficult 
of access, the cost of teaming materials may be much higher than those given. 
It is often necessary to figure on the cost of a crushing plant for the supply of 
stone. .^The cost of installing and operating a small temporary plant is consider- 
ably greater than that of running a large permanent plant and the contractor, 
therefore, prefers to buy his crushed stone if possible rather than crush 
his own. 

15. Labor. — ^The labor cost of mixing and placing concrete varies 
%c^iderably according to the conditions of the job and the nature of the work. 
Lai'ge masses of concrete such as in heavy foundations and retaining walls or 
can be placed with much less labor than the concrete in the slender columns 
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of a lofty building or in thin floor slabs, arched ribs of bridges, etc. The cost of 
mixing, however, should not vary greatly. 

Mixing . — On a job where the plant is laid out with a view to maximum labor 
efficiency, the cost of mixing concrete should be between $1 and $1.25 per cu. yd. 
This will cover the operations of loading wheelbarrows with sand and stone and 
discharging them into the mixer, bringing cement from the shed and placing 
in mixer, and the engineer's time running the mixer and discharging it. On 
large jobs it often pays to build sand and stone bins and measuring hoppers 
so that the mixer can be charged automatically at a very considerable saving 
in labor. Against this labor saving, however, must be figured the cost of 
installing the bins and the conveyors for filling them and in the long run it is 
usually found that this expense is very little less than the labor saving effected, 
the principal advantage of such plant installation being the additional speed that 
it is possible to gain on the job with fewer men to control. 

Placing . — The cost of placing concrete will cover the labor of receiving the 
concrete from the discharge on the mixer in wheelbarrows, chutes or cars and 
transporting it to its place in the building, spreading, spading and screening it in 
place in the forms. On average work in a factory building, this will cost about 90 
cts. per cu. yd. Columns and thin walls will require more labor as more spading 
is needed to get a smooth surface on the exposed faces and the cost may be as 
much as 50 per cent more. Large masses of concrete, such as dams and thick 
retaining walls will cost considerably less, especially if the distributing plant is 
well laid out and the equipment is good. 

For approximate purposes the following schedule of labor costs for mixing and 
placing concrete will be of service: 


Concrete in footings $2.00 per cu. yd. 

Concrete in floor slabs in. thick or less 2.00 per cu. yd. 

Concrete in floor slabs 5 in. thick or more 1.50 per cu. yd. 

Concrete in columns and thin walls 2.50 per cu. yd. 

Concrete in walls 18 in. thick or more 1.60 per cu. yd. 

Concrete in dams and heavy retaining walls 1.25 per cu. yd. 


In massive concrete work such as dams it is usual to allow the use of large stones 
to reduce the cost of construction. These stones should be placed not less than 
6 in. apart and at least 12 in. away from the face of the work. From 20 to 40 
per cent of the volume of a massive pier can be composed of large stone used in 
this way. The (fost of placing these stone — or ** plums ” as they are often called — 
should not exceed $1.25 per cu. yd. 

Ic. Plant and Tools. — One of the most difficult items to estimate 
on a construction job is the cost of tools, plant and supplies. This will vary a 
good deal according to the size of the work. The tools and plant that arc used 
for mixing and placing the concrete arc properly a part of the cost of the concrete 
and should not be ignored when estimates on the construction are being made. 
It is very rarely that this item is estimated high enough, one of the most common 
sources of loss on a job being the excessive cost of tools and supplies needed to 
keep the job running. Shovels and wheelbarrows wear out. Mixers require 
frequent repairs. The erection of mixer, tower and chutes is an expensive item 
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and these items require constant attention all of which should appear in the cost 
of the concrete work. 

Although it might seem that there should be very little difference between the 
cost of plant required for a job of 3,000 cu. yd. of concrete and a job containing 

6.000 cu. yd., it is found in actual practice that there is a fairly close relation 
between the yardage and the cost of plant. Therefore, up-to-date contractors 
aiie dividing the total cost of plant, tools and supplies by the yardage of concrete 
in order to get a unit figure to add to their price. 

Assuming a building containing 5,000 cu. yd. of concrete, the cost of plant, 
etc., will run about as follows: 

Building mixing platform, hoisting tower, setting up mixers, engines, hoist 
platforms and bins, etc. would cost about $2,500. Depreciation and repairs 
on mixers and other machinery would be about $1,500. (Some contractors 
figure a daily rental on such items to cover this cost.) Loss or depreciation of 
shovels, wheelbarrows, picks and other small tools, rope, etc. will be about 
$1,500. Power expense, whether electric or coal is used, $1,000; the temporary 
buildings such as cement shed, tool house, shanties, etc., about $1,000. This 
gives a total of $7,500, w'hich is equal to $1.50 per cu. yd. on the cost of the con- 
crete. Jobs below 3,000 cu. yd. may run up to $2.00 per cu. yd. and jobs of 
from 8,000 to 10,000 cu. yd. may run as low as $1.20. 

Id. Summary. — In estimating the quantity of materials required 
for a yard of concrete it should be borne in mind that conditions on construction 
work arc very different from those of the technical laboratory and there must 
always be a certain amount of waste of material. Tables are given in engineers' 
handbooks showing the amount of cement, sand and stone required in accordance 
with the percentage of voids in the aggregate. The estimator cannot foretell 
what this percentage of voids will be in the material used on the job as it does not 
pay to screen and regrade aggregates accurately on a big construction job and 
the product of a gravel bank may vary considerably from day to day. It is 
usual, therefore, to allow cu. yd. of sand for every cubic yard of concrete and 

cu. yd. of crushed stone. (Crushed stone is usually sold by weight, and 1 cu. 
ft of crushed stone will weigh about 100 lb.) This allowance will take care of 
a certain amount lost at the bottom of the stock pile. 

In figuring cement, allowance should be made not only for the cement placed 
in the mixer but for the small amounts used in patching voids and rubbing down, 
etc. It is best to allow 2 bbl., of cement per cu. yd. for 1:1>^:3 mix; 1% 
bbl. for 1:2:4 mix; 1.4 bbl. for mix; and 1.2 bbl. for 1:3:6 mix. 

To summarize, therefore, the cost of 1 cu. yd. of concrete on a job containing 

5.000 cu. yd. of reinforced concrete work in floors, columns, walls and founda- 
tions, may be estimated as follows: 


1% bbl. cement $2.74 $5.48 

H cu. yd. of sand 1.75 0.87 

tons stone 2.00 2.50 

Labor 2.00 

Plant, power and supplies 1.60 

Liability insurance on payroll 0.10 


Total. 


$12.45 per cu. yd. 
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On a large typical bridge job the following example is given: Abutments and 
piers — l:2H-5mix: 


1.4 bbl. cement 

cu. yd. of sand ‘ 

IJi tons crushed stone 

Labor 

Plant, power and supplies 

Liability insurance on payroll 


$2.74 

$3.84 

1.75 

0.88 

2.00 

2.50 


1.25 


1.30 


0.06 


$9.83 per cu. yd. 


Cyclopean concrete for abutments and piers — 1:2J^:5 mix with 25 percent 
large stone: 

7H cu. yd. of concrete $9.83 $73.73 

2)4 cu. yd. labor placing large stone (£is.sumirig stone from 

excavation is used) 1.50 3.75 

Cost of 10 cu. yd. of concrete and rock in place $77.48 

Average cost $ 7.75 per cu. yd. 


If the large stone is to be purchased for .the purpose, the cost of tliis should 
be added 

2. Estimating Unit Cost of Temporary Formwork. 

2a. Considerations Involved. — ^Forms for building work should be 
measured by the square foot of surface — all surfaces that touch the concrete 
being measured — and the price will vary according to the labor required in 
erecting, bracing and stripping. The item to be priced is the operation of sup- 
porting wet concrete and the material used (that is, the lumber, nails and oil) 
does not vary in the same way as the labor involved. Formwork is not usually 
shown on drawings of the structure that the estifnator figures from, and it is 
very seldom that two competing contractors use the same amount of lumber 
or the same methods in matters of detail in constructing forms. 

Contractors, therefore, are making a general practice of estimating labor on 
formwork by the square foot and of computing the cost of lumber, nails and oil 
on the same square foot basis. This procedure gives more accurate results than 
where an attempt is made to estimate in detail the amount of lumber required. 

The labor required for different kinds of formwork varies very greatly and 
it is usually advisable, therefore, to figure separately formwork for columns, 
walls, footings, slab floors, and beam and girder floors. 

26. Materials. — ^A good average for general use or for estimating 
cost of lumber', nails, oil and wire and other form material for a simple factory 
building will be between $4 and $5.50 per 100 sq. ft., $4.50 being the customary 
figure. Each contractor, however, will be guided by his own experience in these 
matters as these costs vary considerably according to the efficiency of the job 
organization and method of form design used. 

On bridge formwork and other complicated structures, figures as high as 
$5.50 to $6 are sometimes necessary. 

2c. Labor— FZeer Forma , — ^The labor on floor forms in the building 
includes the operations of unloading lumber, making panels, setting up and bracing 
posts, la 3 dng joists and girts on top of the posts, and placing the floor panels 
on them, and stripping the formwork. 
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The labor of making form panels costs about 4H cts. per sq. ft. Assuming 
that these are used three times, 1 cts. per sq. ft. on the whole area to be formed 
would be the figure to use in estimating. The cost of labor in erecting studs and 
bracing would average about 5 cts. per sq. ft. and the cost of putting on joists 
and laying on panels about 5 cts. more, giving the entire labor cost for form mak- 
ing and erection at 11 cts. per sq. ft. The cost of stripping will run about IH 
to 2 cts., giving a total labor cost of 13 or 13 cts. per sq. ft. On a small or irreg- 
ular building, costs will be very much higher, but for the large factory these 
costs are sometimes bettered. If the height from the floor to the ceiling is 
more than 12 ft., the studs will be longer and need extra bracing. The extra 
cost will depend upon the increase in height and may run from 2 to 5 cts.'per sq. ft. 

Beam Forms , — In like manner the cost of forms for beams is arrived at 
by computing first the cost for making beam bottoms and beam sides, then of 
erecting them on the temporary framing that supports the floor slab and 
then of stripping them. The cost of making up will be about 6 cts. per sq. 
ft. However, it is not safe to figure on using these forms more than twice, 
giving an average cost of 3 cts. per sq. ft. Erection of these forms costa 
about 10 cts. and stripping 2 cts. There will be a total cost of 15 cts. per 
sq. ft. for the beam and girder forms, assuming that the total cost of the posts 
has already been estimated for the slab forms. For beams that are isolated 
with no slabs, the cost of posts and bracing should be added. If beams and 
girders have haunches at the ends, 50 cts. should be added for each haunch. 

Column Forms , — The labor connected with column forms consists of the 
operations of making panels, erecting pane s and placing, bolting and stripping. 
The cost of making up the panels will be about 6 cts. per sq. ft. It is generally 
safe to assume they can be used three times, giving a cost of 2 cts. per sq. ft. 
of formwork. Erecting, plumbing and bolting will be about 14 cts. and stripping 
2yi cts. per sq. ft. giving a total labor cost of 18 cts. per sq. ft. on columns 
of average height. 

2d. Summary. — The cost per square foot of formwork on a simple 
reinforced concrete building is summarized as follows : 


Forms to floor slabs: 

Lumber, nails, oil, etc $0,046 

Labor making panels 0 . 015 

Labor erecting studs and bracing 0.05 

Labor laying panels 0.05 

Labor stripping 0.016 

Insurance 0.006 


Total $0,181 

Forms to beams and girders: 

Lumber, nails, oil, etc $0,045 

Labor making 0.03 

Labor erecting 0.10 

Labor stripping 0.02 

Insurance 0.007 


Total $0,202 
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Forms to columns: 

Lumber, nails, oil, etc $0,045 

Labor making panels 0.02 

Labor erecting, plumbing and bolting 0.14 

Labor stripping 0 . 025 

Insurance 0.01 

Total $0.24 

Forms to footings: 

Lumber, nails, oil, etc $0,045 

Labor making and erecting 0.10 

Labor stripping 0.015 

Insurance 0.005 

Total $0.1G5 

Forms to walls: 

Lumber, nails, oil, etc $0,045 

Labor making 0.03 

Labor erecting and plumbing 0.11 

Labor stripping 0 . 015 

Insurance 0.005 

Total $0,205 


3. Estimating Unit Cost of Steel Reinforcement — The cost of steel rein- 
forcement varies considerably from time to time and must be verified from 
quotations from steel companies on every job. On small jobs it is customary 
to buy steel cut to exact lengths out of local warehouse stock, but on large jobs, 
recpiiring more than 40 tons, it is well to order steel from mill delivery, provided 
that the building has time enough to wait for it. 

Assuming that steel from mill shipment in carload lots costs at the present 
time $2.25 per 100 lb. base and that the freight rate on a 500-milc haul is about 
35 cts., we liave a total of $2.00 per 100 lb. for steel bars f.o.b. cars at job. 

When steel is bought from mill shipment, it is the general practice to buy 

sufficient steel for footings and foundations from warehouse stock in order to get 
the job started, and under ordinary conditions, the mill shipments should arrive 
in time for use in the superstructure. Steel bought from warehouse is usually 
bought cut to exact lengths, and the cost is usually from 40 to 60 cts. per 100 lb. 
above mill prices. In times of great scarcity this spread may be considerably 
larger. 

The cost of steel bars varies according to the size of the bar. Bars in. 

in diameter or larger are sold at the base price. Smalhir sizes take a higher 

rate as follows: 


in base plus 5 cte. 

in base plus 10 cts. 

^ in base plus 25 cts. 

}4in base plus 50 cts. 


This differential is an important factor in design as well as in estimating. 
For example, assume a floor 200 by 100 ft., having a slab 6 in. thick and an area 
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of steel per square foot of 0.462 sq. in. The total weight of steel required 
(allowing for laps) would be 33,301 lb. 

Cost of K-iu. square bars 

6>^ in. on centers, 33,301 lb. @ $2.69 per 100 lb. = $895.80 
Cost of ?^J-in. round bars 

3 in. on centers, 33,301 lb. @ $2.84 i)cr 100 lb. = $945.75 

Thus there is a difference of $49.95, or 25 cis. per 100 sq. ft. in favor of the 
in. bars in addition to the saving in labor rcciuired in placing a smaller number 
of bars. 

The cost of unloading steel and piling it on the job is about $1.50 per ton, 
and if it has to be teamed from the freight yards to the site of the work, the cost 
of doing this will be $1 per ton and upward. 

The cost of bending and placing steel in a building will vary according to 
the amount of work that is done. Thus, placing steel bars 5^ in. in diameter 
in a floor slab will cost about $13 per ton. If the bars have to be bent up at the 
end $6 per ton should be added. Bending and placing steel bars and stirrups 
in beams will cost from $22 to $24 per ton. Wiring up and placing steel bars in 
columns and placing hoops around them will cost from $24 to $28 per ton. Plac- 
ing and H-in. steel in walls will cost from $20 to $30 per ton. 

These prices are sufficient to include the cost of wire, tools for bending, 
etc. Twenty-five dollars per ton is a good average price for labor on steel 
reinforcement all through the job. 

The cost of steel reinforcement in a reinforced concrete building may be 
estimated as follows: 


Steel from mill ® $2.75 (ave.) per 100 lb $55.00 per ton 

Unloading, teaming and piling 2.50 

Labor, bending and placing 25.00 

Workmen’s compensation and liability insurance 2.50 

Total $85 . 00 per ton 


Extra allowance should be made for steel from stock. 

4. Estimating Unit Cost of Surface Finish. — One hundred square feet of 
granolithic finish laid 1 in. thick in the proportion of one of cement, one of sand, 
and one of fine crushed stone will require 1 bbl. of cement, 4 cu. ft. of sand and 
4 cu. ft. of crushed stone. This may, therefore, be estimated as follows: 


1 bbl. cement @ $2.74 per bbl $2.74 

4 cu. ft. of sand @ $1.75 per cu. yd 0.26 

400 lb. fine crushed stone @ $2.75 per ton 0.55 

Labor mixing and placing 1.50 

Finishers’ time trowelling surface 4.00 

Insurance 0.26 

Total cost per 100 sq. ft $9.30 


If the surface of the concrete has to be cleaned off with acid or sand blasting, 
this will cost from 2 to 3 cts. per sq. ft. additional. 
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The exterior surfaces of concrete columns and beams are frequently rubbed 
smooth with carborundum stone, using a little water and cement. The cost 
of this work, including hanging swing stages for the finishers, will be from 4 to 
6 cts. per sq. ft. 

For ornamental effect, external surfaces are sometimes picked with a pointed 
tool or Crandall hammer. The cost of this runs between 6 and 15 cts. per sq. ft., 
according to quality of work desired. 


ESTIMATING QUANTITIES 

By Leslie H. Allen 

5. Systematic Procedure Advisable. — ^The operation of estimating quantities 
is that of calculating (from plans supplied) quantities of labor and material which 
go to make up the completed building. This is usually called taking off or 
scaling. It should be done quite independently of the pricing or the arithmetical 
work of extending the quantities to obtain the totals of the quantities of work. 
The secret of accurate, speed}' taking off is to be found in a systematic way of 
going about the work. No printed forms, tables, or special rules foi* taking off 
will insure against error; the surest way of making an accurate estimate is to 
have a good system to work on and a clear and easily followed way of setting 
down the items. A good method is to use plain squared paper 8 by in., 
ruled in nine columns. In the first column is placed a description of the items 
measured; the next four columns arc for the number, length, width, and height 
of the members of the building; the next tw'o are for arithmetical calculations and 
totals; and the last two for unit and total price. It is very important to keep 
length, breadth, and height in the same order in every item. Each can then be 
readily identified. In taking off a reinforced-concrete building, start with the 
structural members in the order in which they arc built; that is first take concrete 
footings, then columns, then floor slabs, then beams and girders, then curtain 
walls and partitions, then cornice, and then stairs and landings. Take all the 
concrete first, one item at a time and complete it. When all the concrete is 
taken off, proceed to take off the forms, and after that take off the reinforcement, 
and then the finish to the surfaces. After that take off excavation, windows and 
doors, plastering, roofing and other incidental items necessary to complete the 
cost of the building. 

In putting ^down the dimensions, it is well to put a note identifying each 
item, thus: 


Concrete columns: 


Basement, (mark A) 

5 

X 

IH 

X 

IM 

X 

10 

(mark B) 

4 

X 

m 

X 

m 

X 

10 

(mark C) 

7 

X 

IH 

X 

IH 

X 

10 

First floor, (mark A) 

5 

X 

IH 

X 

IH 

X 

10 

(mark B) 

4 

X 

IH 

X 

IH 

X 

10 

(mark C) 

7 

X 

IH 

X 

IH 

X 

10 


It takes a little more time to do this, but it is well worth the labor, and any 
item can be readily identified afterward; if an item is left out in error, the omission 
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can be more easily detected. It is good practice to put all dimensions in feet 
and fractions. Some estimators work in feet and inches and some in feet and 
decimals. There seems to be less chance for error in using fractions, but this 
is a matter of individual judgment. 

6. Rules for Measurement of Concrete Work. — ^The following rules should 
govern the measurement of concrete work: 

• All concrete should be measured by the cubic foot or cubic yard, and in all 
cases forms should be measured separately. All concrete should be measured 
net as placed or poured in the structure or building; an excess measurement of 
concrete should never be taken to pay for the cost of forms or extra labor in 
placing. All openings and voids in concrete should be deducted, but no deduc- 
tion should be made for steel reinforcement, I-beams, bolts, etc. embedded in the 
concrete, unless they have a sectional area of more than 1 sq. ft. No deduction 
should be made for chamfered, beveled, or splayed angles to columns, beams, and 
other work. 

For beams and girders it is usual to show on the plan the depth of concrete 
from the top of the slab. Thus, if the quantity of concrete for the slab has been 
taken right across the floor, it will be necessary to measure only the extra con- 
crete below the slab in taking off beam and girder quantities. For example, in 
a floor G in. thick having 12 by 30-in. girders, the concrete to take off for the 
girders should be considered as 1 ft. wide by 2 ft. deep, since the other 6 in. is 
measured with the slab. 

Each class of concrete having a different proportion of cement, sand, or aggre- 
gate should be measured and described separately. Concrete in the different 
members of a building or structure should be measured and described separately 
according to the accessibility, location, or purpose of the work; concrete in floor 
slabs should be measured and priced separately from columns or walls, and so on. 
Concrete with large stones and rocks embedded in same (cyclopean masonry) 
should be measured as one item and described according to the richness of the mix 
and the percentage of rock in same. Concrete in stairs should be measured by 
the lineal foot of tread and it is usual to include surface finish with same in this 
case, as it forms such a small item in the cost. 

7. Estimating Amount of Formwork. — ^Forms should be measured in square 
feet, taking the area of the surface of the concrete which is actually touched by 
the forms or falsework. Forms should in all cases be measured and described as 
a separate item and never included with the concrete. No deduction should be 
made in measurement of surface of concrete supported by forms because of forms 
being taken down and re-used 2 or 3 times in the course of construction. 

It is not necessary to measure struts, posts, bracing, bolts, wire ties, oiling, 
cleaning, and repairing forms, as these should be covered by the price put on the 
square foot measurements. 

Forms to the different parts of a building should be measured and described 
separately according to their nature; that is, forms to floor slabs, walls, columns, 
footings, etc., should be separated from each other. No allowance need be made 
for angle fillets or bevels to beams and columns, etc., but curved moldings should 
be measured and described separately. 

No deduction in measurement of forms should be made for openings having 
an area of less than 25 sq. ft. as the labor in foiming same is often greater than 



722 REINFORCED CONCRETE AND MASONRY STRUCTURES [Sec. 12-8 


the cost of the omitted area. No deduction is usually made in floor forms for 
heads of columns or in column and girder forms for ends of girders, cross beams, 
etc. 

The correct measurement of column forms is the girth of the four sides, or 
circumference, multiplied by the height from the floor surface to the under side 
of floor slab above. Forms to octagonal, hexagonal, and circular columns should 
be measured and priced separately from forms to square columns* Caps and 
bases to columns and other ornamental work should be enumerated and fully 
described by sketches in the estimate. 

The correct measurement of beam forms is the net length between columns 
multiplied by the sum of the breadth (b) and twice the depth below the slab (d), 
except for beams at edge of floor or around openings, which shall have the thick- 
ness of the floor (0 added to the sum of the 
breadth and twice the depth (see Fig. 1). 

Wall forms should be measured for both 
sides of concrete walls. 

Forms to the upper side of sloping slabs 
such as saw-tooth roofs should be measured 
whenever the slope of such slab with the 
horizontal exceeds an angle of 25 deg. 

Moldings in formwork should be measured by the linear foot. Forms to 
circular work should always be measured separately from forms to straight work. 

No measurement or allowance should be made for construction joints in slabs, 
beams, etc., to stop the day\s concreting, but construction joints in dams and 
other large masses of concrete should be measured by the square foot as they occur. 

Forms to cornices should be measured by the linear foot and the girth stated. 
Plain forms to back of cornice should be measured separately. Forms to window 
sills, copings, and similar work should be measured by the linear foot. Forms 
to the underside of stairs should be measured by the superficial foot, and forms 
to the front edge by the linear foot. Forms to the ends of steps should be 
measured by number. 

8. Estimating Amount of Steel. — Reinforcing bars should be measured by 
the linear foot and reduced to weight in pounds for pricing. The net weight 
placed in the building should be taken and no allowance made for waste and 
cutting, or wire ties and spacers, etc., but laps should be allowed for as called for 
by the plans or by the necessities of the design. Deformed bars should be 
measured separately from plain. 

The cost of bending and placing in columns and beams is greater than in slabs, 
but as the difference is not great it is not usual to make any distinctions but to 
take off the whole of the steel together, except in special cases. 

Pipe sleeves, turn buckles, clamps, threaded ends, nuts, forgings, and other 
special items should be measured separately by number and size, and allowed 
for in addition to the weight. Wire cloth, expanded metal, and other steel 
fabrics sold in sheets are measured and described by the square foot. The size of 
mesh and weight per square foot of steel will govern the price, and should be 
stated. All laps should be measured and allowed for. 

9. Estimating Amount of Surface Finish. — Finish of concrete surfaces should 
be measured by the square foot. Finish should always be measured and de- 
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scribed separately. Allowance should be made for going over concrete work 
after removal of forms, and patching up voids and stone pockets, removing fins, 
etc., as this is part of the labor incidental to placing the concrete and the cost will 
depend upon the care used in spading the concrete into the forms. 

Granolithic finish should b(! measured by the square foot and should include 
all labor and materials for the thickne.ss specified. Finish laid integral with the 
slab should be measured separately from finish laid after the slab has set. No 
allowance should be made for protection of finish with sawdust, sand, or covering 
it to protect from weather. Grooved surfaces, gutters, curbing, etc., should be 
measured separately from plain granolithic and should be measured by the square 
foot or linear foot, as the ca.se may require. 

Putting on cement wash, rubbing with carborundum, scrubbing with wire 
brushes, tooling, and picking, are other surface labors that should each be sepa- 
rately measured and priced. The price should include the use of swing stages, 
tooLs, and materials required. 
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STANDARD SPECIFICATIONS FOR PORTLAND CEMBNTi 

These specifications were approved Jan. 15. 1921, as “Tentative American Standard" by the 
American Engineering Standards Committee. 

1. Definition. — Portland cement is the prodttot obtained by finely pulverizing clinker produced by 
calcining to incipient fusion, an intimate and properly proportioned mixture of argillaceous and cal- 
careous materials, with no additions subsequent to calcination excepting water and calcined or uncal- 
cined gypsum. 

I. Chemical Pkopkktieb 

2. Chemical Limits. — The following limits shall not be exceeded: 


Loss on ignition, per cent 4.00 

Insoluble residue, per cent 0.85 

Sulphuric anhydride (SOi), per cent 2.00 

Magnesia (MgO), per cent 5.00 


II. Physical Properties 

S. Specific Gravity. — The specific gravity of cement shall be not less than 3.10 (3.07 for wdiito 
Portland cement). Should the test of cement as received fall below this requirement a second test may 
be made upon an ignited sample. Tiic specific gravity test will not be made unless specifically ordered. 

4 . Fineness. — The residue on a standard No. 200 sieve shall not exceed 22 per cent by weight. 

5. Soundness. — A pat of neat cement shall remain firm and hard, and show no signs of distortion, 
cracking, checking, or disintegration in the steam test for soundness. 

6. Time of Setting. — The cement shall not develop initial set in less than 45 min. when the Yicat 
needle is used or 60 min. when the Gillmorc needle is used. Final set shall be attained within 10 hr. 

T. Tensile Strength. — The average tensile strength in pounds per square inch of not less than three 
stand.ard mortar briquettes composed of 1 part cement and 3 parts standard sand, by weight, shall bo 
equal to or higher than the follow'ing: 


Age at tost, days 


Storage of briquettes 


Tensile strength, Ib. per 
sq. in. 


7 

28 


1 day in moist air, 6 days in water 200 

1 day in moist air, 27 days in water 300 


8 . The average tensile strength of standard mortar at 28 days shall bo higher than the strength at 
7 days. 

III. Packages, Marking and Storage 

9. Packages and Marking. — The cement shall be delivered in suitable bags or barrels with the brand 
and name of the manutacturcr plainly marked thereon, unless shipped in bulk. A bag shall contain 04 
lb. net. A barrel shall contain 376 lb. net. 

10. Storage. — The cement shall be stored in such a manner as to permit easy access for proper inspec- 
tion and identification of each shipment, and in a suitable weather-tight building which will protect 
the cement from dampness. 

IV. Inspection 

11. Inspection. — Every facility shall be provided the purchaser for ooreful sampling and inspection 
at either the mill or at the site of the work, as may be specified by the purchaser. At least 10 days from 
the time of sampling shall be allowed for the completion of the 7-day test, and at least 31 days shall be 
allowed for the completion of the 28-day test. The cement shall be tested in accordance with the 
methods hereinafter prescribed. The 28-day test shall be waived only when specifically so ordered. 

> These specifications were adopted by letter ballot of the American Society for Testing Materials on 
Sept. 1, 1916, and became effective Jan. 1, 1917. 
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V. Uejection 

12. Rejection.— The cement may be rejected if it fails to meet any of the requirements of these 
specifications. 

18. Cement shall not be rejected on account of failure to meet the fineness requirement if upon retest 
after drying at 100 deg. C. for 1 hr. it meets this requirement. 

14. Cement failing to meet the test for soundness in steam may be accepted if it passes a retest using 
a new sample at any time within 28 days thereafter. 

15. Packages varying more than 5 per cent from the specified weight may be rejected: and if the 
average weight of packages in any shipment, as shown by weighing .’>0 packages taken at random, is Icse 
*than that specified, the entire shipment may be rejected. 
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STANDARD METHOD OF TEST FOR ORGANIC IMPURITIES IN SANDS FOR CONCRETE^ 

1. Scope . — Tho test herein specified is an approximate test for the presence of injurious organic 
compounds in natural sands for cement mortar or concrete. The principal value of the tost is in furnish- 
ing a warning that further tests of the sand are necessary before they be used in concrete. Sands which 
produce a color in the sodium hydroxide solution darker than the standard color should be subjected 
to strength tests in mortar or concrete before use. 

2. (a) Sample . — A representative tost sample of sand of about 1 lb. shall be obtained by quartering 
or by the use of a sampler. 

(h) Procedure . — A 12-os. graduated glass prescription bottle shall be filled to the 4>^-oz. mark with the 
sand to bo tested. 

(c) A 3-pcr cent solution of sodium liydroxidc (NaOII) in water shall be added until the volume of 
sand and liquid after shaking gives a total volume of 7 liquid ounces. 

(d) The bottle shall be stoppered and shaken thoroughly and then allowed to stand for 24 hours. 

(e) A standard color solution shall be prepared by adding 2.5 cc. of a 2-per cent solution of tannic 
acid in lO-pcr cent alcohol to 22.fi cc. of a 3-pcr cent sodium hydroxide solution. This shall be placed 
in a 12-oz. prescription bottle, stoppered and allowed to stand for 24 hours, then 25 cc. of water added. 

(/) Color Value . — The color of the clear liquid above the sand shall be compared with the standard 
color solution prepared as in paragraph (e) or with a glass of color similar to the standard solution. 

3. Solutions darker in color than the standard color have a "color value" higher than 250 parts per 
million in terms of tannic acid. 
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METHOD OF TEST FOR QUANTITY OF CLAY AND SILT IN SAND 

(American Society for TeHting Materials) 


1. Scopt . — This test covers the determination of the quantity of clay and silt in natural sand to be 
used In highway construction. 

2. Treatment of Sample . — The sample as received shall be moistened and tlioroughly mixed, then 
dried to constant weight at a temperature between 100 and 110 deg. C. (212 and 230 deg. F.) 

3. Apparatus . — The pan or vessel to be used in the determination shall be substantially 9 in. (22.9 
cm.) in diameter by not less than 4 in. (10.2 cm.) deep. It shall have vertical sides and be provided with 
a pouring lip. 

4. Procedure . — A representative portion of the dry material weighing 500 g., shall be selected from 
the sample and placed in the pan which has been dried and accurately weighed. SuflTicient water shall 
be poured into the pan to cover the sand (about 225 cc.) and agitated vigorously for 15 seconds. 
After it has settled for 15 sec the water shall bo poured off into a tared evaporating dish, cure being 
taken not to pour off any sand. This is repeated until the wash water is clear, a glass rod being used 
to stir the material for the last few washings. The pan and washed sand shall be dried to constant 
weight in an oven at a temperature between 100 and 110 deg. C. (212 and 230 deg. F.), weighed and 
the net weight of sand determined. 

5. Percentage of Clay . — The percentage of clay and silt shall be calculated from the formula: 


Percentage of Clay and Silt 


Original weight — weight after washing 

briginarweight ^ 


6. Check Determination . — For a check on the results, the wash water shall be evaporated to dryness 
and the residue weighed: 


Percentage of Clay and Silt 


Weight of residue 
Original weight 
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METHOD OF TEST FOR UNIT WEIGHT OF AGGREGATE FOR CONCRETE 

(American Society for Tenting Materials) 

1. The unit weight of fine, coarse, or mixed aggregates for concrete shall be determined by the 
following method: 

2. (a) Apparatus . — The apparatus required consists of a cylindrical metal measure, a tamping rod, 
and a scale or balance, sensitive to 0.5 per cent of the weight of the sample to be weighed. 

(b) Measures . — The measure shall be of metal, preferably machined to accurate dimensions on the 
inside, cylindrical in form, water-tight, and of sufficient rigidity to retain its form under rough usage, 
with top and bottom true and even, and preferably provided with handles. 

The measure shall be j'fo. H or 1-cu. ft. capacity, depending on the maximum diameter of the 
coarsest particles in the aggregate, and shall be of the following dimensions: 


Capacity (cu. ft.) 


Mo 

M 


Inside diameter 
(in.) 

1 1 Minimum thick- j 

Inside height (in ) j ness of metal, U. S.i 
Gage 1 

Diameter of largest 
particles of aggre- 
gate (in.) 

6.00 

6.10 

No. 11 

Under H 

10 00 

11.00 

No. 8 

Under IM 

14.00 

11.23 

No. 5 

Over IM 


(c) Tamping Rod . — The tamping rod shall be a straight metal rod in. in diameter and 18 in. long 
with one end tapered for a distance of 1 in. to a blunt bullet-shape point. 

3. Calibrating the Measure . — The measure shall be calibrated by accurately determining the weight 
of water at 16.7 deg. C. (62 deg. F.) required to fill it. The factor for any unit shall bo obtained by 
dividing the unit weight of water at 10.7 deg. C.) (62 deg. F.)> by the weight of water at 16.7 deg. C. 
(62 deg. F.) required to fill the measure. 

4. The sample of aggregate shall be room dry and thoroughly mixed. 

5. (a) Method . — The measure shall be filled one-third full and the top levelled off with the fingers. 
The mass shall be tamped w'ith the pointed end of the tamping rod twenty-five times, evenly distributed 
over the surface. The measure shall be filled two-thirds full and again tamped twenty-five times as 
before. The measure shall then bo filled to overflowing, tamped twenty-five times, and the surplus 
aggregate struck off, using the tamping rod as a straight edge. 

In tamping the first layer the rod should not be permitted to forcibly strike the bottom of the 
measure. In tamping the second and final layers, only enough force to cause the tamping rod to pene- 
trate the last layer of aggregate placed in the measure should bo used. No effort should be made to fill 
holes left by the rod when the aggregate is damp. 

(5) The net weight of the aggregate in the measure shall bo determined. The unit weight of the 
asgregate shall then bo obtained by multiplying the net weight of the aggregate by the factor found as 
described in Sec. 3. ' 

6. Accuracy. — Results with the same sample should cheek within 1 per cent. 

* The unit weight of water at 16.7 deg. C. (62 deg. F.) is 62.355 lb. per ou. ft. 
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SPECIFICATIONS FOR CONCRETE REINFORCEMENT BARS 

STANDARD SPECIFICATIONS FOR BILLET-STEEL CONCRETE REINFORCEMENT BARS 

(American Society for Tceting Materials) 


1. (a) These specifications cover three classes of billcl-steel concrete reinforcemunt bars, namely: 
plain, deformed, and cold-twisted. 

(6) Plain and deformed bars arc of three grades, namely; structiirnl-stenl. intermediate, and hard. 

2. (a) The structural-steel grade shall be used unless otherwise specified. 

(6) If desired, cold-twisted bars may be purchased on the basis of tests of the hot-rolled bars before 
twisting in which case such tests shall govern and shall conform to the reiiuirements specified for plain 
bars of structural steel grade. 

3. Manufacture. — (a) The steel may be made by the Bessemer or open-hearth process, 

(6) The bars shall be rolled from new billets. No re-rolled material will be accepted. 

4. Cold-twisted bars shall be twisted cold with one complete twist in a length not over 12 times the 
thickness of the bar. 

6. Chemical Propertiee and Testa . — The steel shall conform to the following requirements as to 
chemical composition: 

Phosphorus, Bessemer not over 0. 10 per cent 

Open-hearth not over 0 0r» per cent 

6. An analysis of each melt of steel shall be made by the manufacturer to determine the percentages 
of carbon, manganese, phosphorus and sulphur. This analysis shall be made from a test ingot taken 
during the pouring of the melt. The chemical composition thus determined shall be reported to the 
purchaser or his representative, and shall conform to the requirements specified in Sec. 5. 

7. Analyses may be made by the purchaser from finished bars representing each melt of open-hearth 
steel, and each melt, or lot of 10 tons, of Bessemer steel. The phosphorus content thus determined 
shall not exceed that specified in Sec. 5 by more than 25 per cent. 

8. Physical Properties and Tests. — (a) The bars shall conform to the following requirements as to 
tensile properties: 




Plain bars 


Deformed bars 


Properties 

considered 

Structural- 

steel 

grade 

Inter- 

mediate 

grade 

Hard 

grade 

Structural-; 
steel 1 
grade j 

Inter- 

mediate 

grade 

Hard 

grade 

Cold- 

twisted 

bars 

Tensile strength. 

55,000 

70,000 

80.000 

55,000 

70,000 

80,000 

Recorded 

lb. per sq. in 

to 

to 

min. 

to 

to 

min. 

only 


70,000 

85,000 

1 

70,000 

85,000 ! 



Yield point, rain.. 

33,000 

40,000 

50,000 

33,000 

40,000 1 

50,000 

65,000 

lb. per sq. in 
Elongation in 8 in. 

1,400,000; 

1,300,000| 

1,200,000 

1.250,000| 

1 

1,125,000; 

1,000,0001 


min. per eent^ 








Tens. str. 

Tons, str . 

Tens. str. I 

Tens. str. j 

Tens. str. 

Tens. str. 



t See See. 0. 

(h) The sdeld point shall be determined by the drop of the beam of the testing machine. 

0. (a) For plain and deformed bars over ^ in. in thickness or diameter, a deduction of 1 from the 
percentages of elongation specified in See. 8(a} shall be made for each increase of H io thickness or 
diameter above K in. 
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(6) For plain and deformed bars under Ke in. in thickness or diameter, a deduction of 1 from the 
percentages of elongation specified in Sec. 8(a) shall be made for each decrease of He in* in thickness 
or diameter below He in. 

10. The test specimen shall bend cold around a pin without cracking on the outside of the bent 
portion, as follows; 




Plain bars 


Deformed bars 



Thickness or 
diameter of bar 

Structural- 

steel 

grade 

Inter- 

mediate 

grade 

Hard 

grade 

Structural- 

Htoel 

grade 

Inter- 

mediate 

grade 

Hard 

grade 

Cold- 

twisted 

bars 

Under ^4 in 

1 180 deg. 

180 deg. 

180 dog. 

ISO dog. 

180 dog. 

180 deg. 

180 dog 


1 d = « 

d = 2t 

d - \it 

d = t 

d ^ ‘6t 

(i = 4« 

d = 2t 

in. or over . 

! 180 dog. 

90 deg. 

00 dog. 

180 dog. 

00 dog. 

00 deg. 

180 dog. 

1 

1 d = t 

d = 2t 

d = M 

d = 2t 

d = M 

d = At 

d ^ 3t 


d = diameter of pin about which the speciiiieii is bent. 
t = tliickness or diameter of specimen. 


11. (a) Tension and bend test spcciinens for plain and dt'formed bars shall be taken from the fin- 
ished bars and shall be of the full thickness or diameter of bars .as rolled; except that the specimens for 
deformed bars may be machined for a length of at least 9 in., if deemed necessary by the manufacturer 
to obtain uniform cross-section. 

(6) Tension and bend teat specimens for cold-twisted bars shall be taken from the finish(‘d burs, 
without further treatment; except .as specified in 8ec. 2(h). 

12. (a) One tension and one bend t(‘st shall be made from each melt of open-hearth steel, and from 
each melt, or lot of 10 tons, of llesscmcr steel, except that if material from one melt differs in. or more 
in thickness or diameter, one tension and one bend shall be made from both the thickest and the thinnest 
material rolled. 

(b) If any test specimen shows defective machining or develops flaws, it may be discarded and 
another specimen substituted. 

(c) If the percentage of elongation of any tension test specimen is less than that specified in Sec. 8(a) 
and any part of the fracture is outside the middle third of the gage length, as indicated by scribe scratches 
marked on the specimen before testing, a retest shall be allow'cd. 

13. Permissible Variations in IVeicfM , — The weight of any lot of burs shall not vary more than 5 per 
cent from the theoretical weight of that lot. 

14. Finish . — The finished bars shall be free from injurious defects and shall have a workmanlike 
finish. 

15. Inspection and Rejection . — The inspector representing the purchaser shall have free entry, at all 
times while work on the contract of the purchaser is being performed, to all parts of the manufacturer’s 
works which concern the manufacture of the burs ordered. The manufacturer shall afford the inspec- 
tor, free of cost, all reasonable facilities to satisfy him that the bars arc being furnished in accordance 
with these specifications. All tests (except check analyses) and inspection shall be made at the place of 
manufacture prior to shipment, unless otherwise specified, and shall be so conducted as not to interfere 
unnecessarily with the operation of the works. 

16. (a) Unless otherwise specified, any rejection based on tests made in accordance with Sec. 7 shall 
be reported within 5 working days from the receipt of the samples. 

(b) Bars which show injurious defects subsequent to their acceptance at the manufacturer's works 
shall be rejected, and the manufacturer shall be notified. 

17. Samples tested in accordance with Sec. 7, which represent rejected bars, shall be preserved for 
2 weeks from the date of the test report. In case of dissatisfaction with the results of the tests, the 
manufacturer may make claim for a rehearing within that time. 


STANDARD SPECIFICATIONS FOR RAIL-STEEL CONCRETE REINFORCEMENT BARS 
(American Society for Testing Materials) 

1. The specifications cover three classes of rail-«teel concrete reinforcement bars, namely: plain, 
deformed, and hot-twisted. 

2. Manufadure . — The bars shall be rolled from standard section Tee rails. 
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3. Hot-twisted bars shall have one complete twist in a length not over 12 times the thickness of the 
bar. 


Properties considered 

! 

j Plain bars 

Deformed and hot- 
1 twisted bars 


AO rtnn 

AA Ann 

Yield point, lb. per sq. in 

. .. ! 50,000 

50,000 


j 1.200.000 

1,000,000 

Elongation in 8 in., per cent* 

Tens. str. 

1 Tens. str. 


> See Sec. 5. 


4. Physical Properties and Tests — (a) The bars shall conform to the following minimum require- 
ments as to tensile properties: 

(b) The yield point shall be determined by the drop of the beam of the testing machine. 

5. (a) For bars over in. in thickness or diameter, a deduction of 1 from the percentages of elonga- 
tion specified in Sec. 4(a) shall be made for each increase of in. in thickness or diameter above in. 

(b) P^or bars under Ke in. in thickness or dtametcr, a deduction of 1 from the percentages of elonga- 
tion specified in Sec. 4(a) shall be made for each decrease of in. in thickness or diameter below 
Ke in. 

6. The test specimen shall bend cold around a pin without cracking on the outside of the bent portion 
as follows: 


Thickness of diameter of bar 

Plain bars 

Deformed and hot- 
twisted bars 

Under in 

180 deg. 

180 deg. 


; d « 3« 

d - 4t 

in. or over 

. . . 1 90 deg. 

90 deg. 


! d » 

d » 4( 


7. (a) Tension and bend test speeimens for plain and deformed bars shall be taken from the finished 
bars, and shall bo of the full thickness or diameter of bars as rolled; except that the specimens for 
deformed bars may be machined for a length of at least 9 in., if deemed necessary by the manufacturer 
to obtain uniform cross-section. 

(b) Tension and bend test specimens for hot-twisted bars shall be taken from the finished bars, with- 
out further treatment. 

8. (o) One tension and one bend test shall be made from each lot of 10 tons or loss of each sise of bar 
rolled from rails varying not more than 10 lb. per yd. in nominal weight. 

(b) If any test specimen shows defective machining or develops flaws, it may be discarded and another 
specimen substituted. 

(c) If the percentage of elongation of any tension test specimen is less than that specified in Sec. 4(o) 
and any part of the fracture is outside the middle third of the gage length, as indicated by scribe scratches 
marked on the specimen before testing, a retest shall be allowed. 

9. Permissible Variations in Weight . — The weight of any lot of bars shall not vary more than 5 per 
cent from the theoretical weight of that lot. 

10. Finish . — The finished bars shall be free from injurious defects and shall have a workmanlike 
finish. 

11. Inspection and Rejection . — The inspector representing the purchaser shall have free entry, at all 

times while work on the contract of the purchaser is being performed, to all parts of the manufacturer's 
works which concern the manufacture of the bars ordered. The manufacturer shall afford the inspeo- 
tor, free of cost, all reasonable facilities to satisfy him that the bars are being furnished in aooordanoe 
with these specifications. All tests and inspection shall bo made at the place of manufacture prior to 
shipment, unless otherwise specified, and shall be so conducted as not to interefere unnecessarily with 
the operation of the works. , 

12. Bars which show injurious defects subsequent to their acceptance at the manufacturer’s works 
will be rejected, and the manufacturer shall be notified. 
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PROGRESS REPORT OF NEW JOINT COMMITTEE ON STANDARD SPECIFICATIONS FOR 
CONCRETE AND REINFORCED CONCRETE 

(Submitting Tentative Specifications for Concrete and Reinforced Concrete) 

PREFACE 

The Joint Committee on Standard Specifications for Concrete and Reinforced Concrete consists of 
five representatives from each of the following: 

American Society of Civil Engineers, 

American Society for Testing Materials, 

American Railway Engineering Association, 

American Concrete Institute, 

Portland Cement Association. 

This Committee is the successor of the Joint Committee on Concrete and Reinforced Concrete which 
was organized in Atlantic City, N. J., Juno 17, 1004, and was formed by the union of special committees 
appointed in 1003 and 1004 by the above-named organizations, except the American Concrete Institute 
whioh was added by invitation of the Joint Committee in 1015. The previous Committee presented 
progress reports in 1000 and 1012 and adopted a final report to its constituent organizations on July 1, 
1016. It was the purpose of that Committee to prepare a Recommended Practice for Concrete and 
Reinforced Concrete. Its final report stated; 

**The report is not a specification but may be used as a basis for specifications.” 

The present Joint Committee is charged with the preparation of Specifications for Concrete and 
Reinforced Concrete and in preparing these specifications is using as a basis the report of the former 
Joint Committee with such modifications as arc necessary to make its recommendations agree with 
current practice, and such new data as mark advances in the art. 

The initiative in bringing about the present Joint Committee was taken by the Committee on Rein- 
forced Concrete of the American Society for Testing Materials on June 27, 1917, when the committee 
voted to request the Executive Committee of the Society to invite the Member-Societies of the previous 
Joint Committee to cooperate in the formation of a new Joint Committee. The Executive Committee 
approved this request on April 25, 1919, and an invitation was issued to each of the above-named 
organizations by the Executive Committee on behalf of the American Society for Testing Materials, 
to appoint five members on a Joint Committee on Specifications for Reinforced Concrete. The last of 
these organizations accepted the invitation on November 22, 1919. On January 21, 1920, a call for an 
organizing meeting on February 11, 1920, was sent by the Executive Committee of that Society to each 
of the twenty-five representatives of cooperating organizations, together with a list of members of the 
Joint Committee, and an outline of organization that had been previously submitted by the American 
Society for Testing Materials to and approved by the cooperating organizations. 

The Rules of Organization of the Joint Committee which were submitted to, and approved by, each 
of its constituent organizations, provide that, 

"The initial report pf the Joint Committee shall be considered by each of the five organizations as a 
tentative report submitted for criticism and discussion limited to not less than six months nor more than 
one year. Such discussions shall then be referred to the Joint Committee for consideration in revising 
its report.” (Article IX, See. 2.) 

The Joint Committee in submitting these Tentative Specifications for Concrete and Reinforced 
Concrete in accordance with the above requirement, wishes it clearly understood that it reserves the 
right to make such changes os may be found desirable, after a further study of the available data. 
While not prepared to submit a final report at this time the Committee is of the opinion that the specifi- 
cations are in such shape as to make it desirable to issue them tentatively for the purpose of facilitating 
the final submission of Standard Specifications for Concrete and Reinforced Concrete. 

The Joint Committee earnestly requests that every facility be provided by its constituent organisa- 
tions for the fullest consideration of these Tentative Specifications in order that it may be in a position, 
as a result of their thorough discussion, to reflect in the final specifications the best current practice. 

The Joint Committee further calls attention to the fact that it has undertaken to prepare specifica- 
tions eovering the fundamentals to be observed in the general use of concrete and reinforced concrete; 
no attempt has been made to cover the details involved in the use of these materials in special struotures. 
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W^e the aeotaons relating to dedgn deal primarily with building conatruotion, neverthelen the prin- 
oiplee involved are in general applicable to etructurea of other typea. It ia expected that in using these 
specifications the necessary supplemental requirements will be added covering details. 

TENTATIVE SPECIFICATIONS FOR CONCRETE AND REINFORCED CONCRETE 

I. General Instructions 

le General Instructions. Those speciiicationB are not complpte; they cover the general conditions 
affecting the use of concrete and reinforced concrete. To complete them it will be necessary for the 
engineer to 

(a) Provide the detail specifications covering the work in particular in which the concrete and rein- 
forced concrete are to be used. 

ib) Insert in Sec. 4 the strengths required for the several classes of concrete specified, baaed either 
upon preliminary tests or upon the values given in Tabic IV. 

(c) Insert in Sec. 14 the sizes of aggregates required. 

(d) Strike out one of the titles of the specifications in Sec. 20. 

(e) Strike out one of the titles of the specifications in Sec. 24. 

(f) Strike out one of the words “volume” or “weight” in Sec. 27 

((/) Strike out two of the three Secs. 28 and fill in the necessary blanks for the proportiunsa 

(A) Insert in Sec. 29 the slumps required. 

(t) Strike out the method or methods inapplicable to the work, in Sec. 50. 

O') Strike out one of the two Secs. 07. 


II. Definitions 

2 . Definitions. — The following definitions give the meaning of certain terms as used in these 
specifications: 

Acid Proofing. — Treatment of a concrete surface to resist the action of acid solutions. 

Aggregate. — Inert material which is mixed with Portland cement and water to produce concrete; 
in general aggregate consists of sand, pebbles, gravel, crushed stone or gravel, or similar materials. 
(See Fine Aggregate, Coarse Aggregate.) 

Approved. — Meeting the approval of, or specifically authorized by, the Engineer. 

Buttressed Retaining Wall. — A reinforced concrete wall having a vertical stem and a horizontal base, 
with brackets on the side opposite the pressure face uniting the vertical section with the toe of the base. 

Cantilever Retaining Wall. — A reinforced concrete wall having a vertical stem and a horizontal base, 
each of which resists by cantilever action the pressure to which it is subjected. 

Cellular Retaining Wall. — A reinforced concrete wall with a horizontal base, longitudinal vortical 
sections, and a series of transverse walls, dividing the space between the longitudinal walls into cells 
which are filled with earth, or other suitable material. If the top of the cells is covered by a floor slab, 
the front longitudinal wall and the filling may be omitted. 

Coarse Aggregate. — Aggregate retained on a No. 4 sieve and of a maximum size generally not larger 
than 3 in. (See Aggregate, Fine Aggregate.) 

Column. — A vertical compression member whoso length exceeds three times its least horizontal 
dimension. 

Column CapUal.— -An enlargement of the upper end of a reinforced concrete column built monolithic 
with the column and flat slab to Increase the moment of inertia of the column and the shearing resistance 
of the slab at sections where high bending moment or high shear may occur. 

Column Strip. — A portion of a panel of a flat slab which has a uniform width equal to one-fourth of 
the panel length on a line perpendicular to the direction of the strip, and whose outer edge lies on the 
edge of the panel. (See Middle Strip.) 

Concrete. — A mixture of Portland cement, fine aggregate, coarse aggregate and water. (See Mortar.) 

Consistency. — A general term used to designate the relative plasticity of freshly mixed mortar and 
concrete. 

Counter/orted Retaining TFoff.— A reinforced concrete wall having a vertical stem and a horisontal 
base with brackets on the pressure face uniting the vertical section with the heel of the base. 

Crusher-run Stone. — Unscreened crushed stone. (See St.one Screenings.) 

Cyclopean Concrete. — Concrete in which stones larger than one-man site are individually embedded. 

Dead Load. — The weight of the structure plus fixed loads and forces. 

Deformed Bar, — Reinforcement bar with shoulders, lugs or projections formed integrally from the 
body of the bar during rolling. 

Diagonal Direction. — A direction parallel or approximately parallel to the diagonal of the panel. 

Dropped Phnel . — The structural portion of a flat slab which is thickened throughout an area surround- 
ing the column capital. 

Effective Area of Concrete. — The area of a section of the concrete which lies between the tension 
reinforcement and the compression surface of the beam or slab . 
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Effective Area of Reinforcement. — The area obtained by multiplying the right cross-sectional area 
of tiie metal reinforcement by the cosine of the angle between the direction of the reinforcement bars 
or wires, and the rlirection for which the cffcotivcness of the reinforcement is to be determined. 

Engineer. — The engineer in responsible charge of design and construction. 

Fine Aggregate. — Aggregate passing through a No. 4 sieve. (See Aggregate, Coarse Aggregate.) 

Flat Slab. — A flat concrete floor or roof plate having reinforcement bars extending in two or more 
directions and having no beams or girders to carry the load to the supporting columns. 

Footing. — A structural unit used to distribute wall or column loads to the supporting material, either 
directly or through piles. 

Gravel.’- -Loose material containing particles larger than sand, resulting from natural crushing and 
erosion of rocks. (Hec Sand.) 

Laitance. — The extremely fine particles wdiich separate from freshly deposited mortar or concrete and 
collect on the top surface. 

Live Load. — Loads and forces whicli are variable. 

Membrane Waterproofing. — A coating rcinforcful by fabric, felt, or similar toughening material 
applied to structures to prevent contact of moisture. 

Middle Strip. — The portion of a panel of a flat slab which extends in a direction parallel to a side of 
the panel, whose width is one-half the panel length on a line at right angles to the direction of the strip 
and whose center line lies on the center line of the panel. (tSee Column Strip.) 

Mortar. — A mixture of Portland cement, fine aggregate and w'atcr. (8cc Concrete.) 

Negative Reinforcement. — Reinforcement so placed ns to take stress iliic to negative bending moment. 

Odproofing. — Treatment of a concrete surface to resist the action of mineral, animal, or vegetable 
oils. 

One-man Stone. — Stone larger than coarse aggregate and not exceeding 100 lb. in weight. (Sec 
Rubble Concrete.) 

Panel Length. — The distance Iictwecn centers of two columns of a panel, in cither rectangular 
direction. 

Pedestal or Pier. — A vertical compression member whose length docs not exceed three times its least 
horizontal dimension. 

Pedestal Footing. — A member supporting a column, in which the projection from the face of the 
column on all sides is less tlian one-half the depth. 

Plain Concrete. — Concrete without metal reinforcement. 

Positive Reinforcement. — Reinforcement so placed as to take stress due to positive bending moment. 

Portland Cement. — The product obtained by finely pulverizing clinker produced by calcining to 
incipient fusion an intimate and properly proportiomul mixture of argillaceous and calcareous materials, 
W'ith no additions subsequent to calcination excepting water and calcined or uncalcined gypsum. 

Principal Design Section. — The vertical sections in a flat slab on which the moments in the rectangu- 
lar directions arc critical. (8ce Sec. 146.) 

Ratio of Reinforcement. — The ratio of the effective area of the reinforcement cut by a section of a 
beam or slab to the effective area of the concrete cut by that section. 

Rectangular Direction. — A direction parallel to a side of the panel. 

Reinforced Concrete. — Concrete in which metal is embedded in such a manner that the two materials 
act together in resisting stress. 

Rubble Aggregate. — Stone or gravel larger than coarse aggregate and not larger tliun one-man stone. 
(See One-man Stone.) 

Rubble Concrete. — Concrete in which pieces of rubble aggregate arc inflividually embedded. (See 
Rubble Aggregate.) 

Sand. — Loose material consisting of small grains (commonly quartz) resulting from the natural 
disintegration of rocks. (See Gravel.) 

Screen. — A metal plate with closely spaced circular perforations. (Sec iSicrc.) 

Sieve. — Woven wire cloth with square openings. (See Screen.) 

Slump. — The shortening of a standard test mass of concrete used as a measure of workability. 

Standard Sand. — Natural sand mined at Ottawa, 111., screened to pass a No. 20 sieve and retained 
on a No. 30 sieve, used as the fine aggregate in standard strength tests of Portland cement. 

Stone Screenings. — Unscreened crushed stone passing through a No. 4 sieve. (See Crusher-Run 
Stone.) 

Tremte . — A water-tight pipe of suitable dimensions, generally used in a vertical position, for deposit- 
ing concrete under water. 

Wall Beam. — A reinforced concrete beam which extends from column to column along the outer 
edge of a wall panel. 

III. Quality ov Concrbtb 

8. Quality. — The quality of concrete shall be expressed in terms of workability as determined by the 
slump test and of the compressive strength at 28 days as determined by concrete tests of the materials 
to be used as specified in Sec. 28. The proportions required to produce concrete having the strength 
specified in Sec. 4 shali bo determined in advance of the mixing of the concrete. 
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4 . Strength. The concrete shall develop under the conditions specified in Sec. 3, for the various 
parts of tho work, the following strengths 


lb. per sq. in. 

lb. per sq. in. 

Ib. per sq. in. 

Ib per sq. in. 

5. Tests of Field Specimens. — Field concrete test specimens shall be made, .ston'd and tested in 
accordance with the Standard Methods of Making and Storing Spi'cimens of Concrete in the Field 
^Serial Designation: C 31-21) of the American Society for Testing Materials. 

IV. MATKltlALS 

A. Portland Cement 

6. Portland Cement. — Portland cement shall conform to the Standard Specifications and Tests for 
Portland Cement (Serial Designation: C 9-21) of the Ainericun Society for Testing Materiahs* and 
subsequent revisions thereof. 

B. Fine Auoregate 

7. General Requirements. — Fine aggregate shall consist of sand, stone screenings or other inert 
materials with similar characteristics, or a combination thereof, having clean, hard, strong, durable, 
uncoated grains and free from injurious amounts of dust, lumps, soft or flaky particles, shale, alkali, 
organic matter, loam or other deleterious substances. 

8 . Grading. — Fine aggregate shall range in size from fine to coarse, preferably within the following 
limits: 

l*nsHing through No. 4 sieve not le.ss than O.') per cent 

Passing through No. 50 sieve not more than 30 per cent 

Weight removed by decantation not more than 3 per cent 

9. Sieve Analysis. — The sieves and method of making sieve analysi.s shall conform to the Tentative 
Method of Test for Sieve Analysis of Aggregates for Concrete (Si-rial Designation: C 41-21 T) of the 
American iSocioty for Testing Materials. 

10. Decantation Test. — The decantation test shall be made in accordance with the Standard Method 
of Teat for Quantity of Clay and Silt in Sand for Highway Construction (Serial Designation: D 74-21) 
of tho American Society for Testing Materials. 

11. Mortar Strength Test. — Fine aggregate shall preferably be of such a quality that mortar briquet- 
tes, cylinders or prisms, consisting of one part by weight of Portland cement and three parts by weight 
of fine aggregate,* mixed and tested in accordance with the methods described in the Standard Spccifica' 
tions and Tests for Portland Cement will show a tensile or compressive strength at ages of 7 and 28 days 
not less than that of 1 : 3 standard Ottawa sand mortar of the same plasticity made with the same 
cement. However, fine aggregate which fails to meet this requirement may be used, providc'd the pn>- 
portions of cement, fine aggregate, coarse aggregate and water are such as to product: concrete of tJin 
strength specified.* Concrete tests shall be made in accordance W'ith the Tentative Afethods of Making 
Compression Tests of Concrete (Serial Designation: C 39-21 T) of the American Society for Testing 
Materials. 

12. Organic Impurities in Sand. — Natural sand wdiich show's a color darker than the standard color 
when tested in accordance with the Tentative Method of Test for Organic Impurities in Sands for 
Concrete (Serial Designation: C 40-21 T) of the American Society for Testing Materials shall not bo 
used, unless the concrete made with tho materials and in the proportions to be used on the work is shown 
by tests to be of tho required strength. 

C. Coarse Amrreuale 

IS. General Requirements. — Coarse aggregate shall consist of crushed stone, gravel, or other 
approved inert materials with similar characteristics, or combinations thereof, having clean, hard, 
strong, durable, uncoated particles free from injurious amounts of soft, friable, thin, elongated or lami- 
nated pieces, alkali, organic or other deleterious matter. 

1 The engineer should insert the strengths required for tho several classes of concrete specified, based 
either upon preliminary tests or upon the values given in Table IV. 

* These specifications are also a standard of the following organizations: American Engineering 
Standards Committee, United States Government, American Railway Engineering Association, 
American Concrete Institute, and the Portland Cement Association. 

* In testing aggregate, care should be exercised to avoid the removal of any coating on the grains 
which may affect the strength. Natural sand should not be dried before being made into mortar, but 
should contain natural moisture. The quantity of water contained may be determined on a separate 
sample and the weight of the sand used in the test corrected for the moisture content. 

* Table IV furnishes a guide in determining the proportions of materials required to produce a con- 
crete of a given strength, using aggregates of various sizes and concrete of different consistencies. 
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14 . Grading, — Coarse aggregate shall range in sice from fine to coarse within the following limits 


Passing — * in. sieve (maximum sice) . . 
Pasiiirig — * in. sieve (intermediate size) 

Passing No. 4 sieve 

Passing No. 8 sieve 


not more than 05 per cent 
— • to — * per cent 
not more than 15 per cent 
not more than 5 per cent 


10. Sieve Sizes. — The test for size and grading of aggregate shall be made in accordance with the 
Tentative Method of Test for Sieve Analysis of Aggregates for Concrete. 


D. Rubble and Cyclopean Aggregate 

16. Rubble Aggregate. — Rubble aggregate shall consist of clean, hal’d, durable stone larger than 
coarse aggregate and not larger than one-man stone. 

17 . Cyclopean Aggregate. — Cyclopean aggregate shall consist of clean, hard, durable stone, free 
*ioni fissures and planes of cleavage and larger than one-man stone. 

E. Storage of Aggregate 

18 . Aggregate Storage. — Aggregate shall be so stored on platforms or otherwise as to avoid the 
inclusion of foreign materials. Before using, frost, ice and lumps of frozen materials shall be removed. 

F. WaUr 

19 . General Requirements. — Water for concrete shall be clean and free from oil, acid, alkali 
organic matter, or other deleterious substance. 

G. Metal Reinforcement 

80 . Quality. — Metal reinforcement shall be of a quality and character meeting the requirements of 
the Standard Specifications* for Billet-steel Concrete Reinforcement Bars (Serial Designation: A 15- 
14) of the American Society for Testing Materials, Standard Specifications* for Rail-Steel Concrete 
Reinforcement Bars (Serial Designation: A 15-14) of the American Society for Testing Materials 
except that the provision for machining deformed bars before testing shall be eliminated. 

81 . Wire. — Wire for concrete reinforcement shall conform to the requirements of the Tentative 
Specifications for Cold-drawn Steel Wire for Concrete Reinforcement (Serial Designation: A 82-21 T) 
of the American Society for Testing Materials. 

88 . Standard Sizes of Bars. — Reinforcement bars shall conform to the areas and equivalent sizes 
shown in Table I. 

* Wliere several suitable aggregates are available, a thorough investigation of the relative economy 
of each for producing concrete of the desired strength is advisable, especially for work of considerable 
magnitude. 

* Tlie engineer should insert in these blanks the sizes of aggregates required. The size and grading 
to be used will be governed by local conditions. The limitation on size and grading is intended to 
secure uniformity of aggregate. The following table indicates desirable gradings for coarse aggregate 
for certain maximum sizes: 


Maximum 
size of 
aggresutp, 
in. 

1 Per cent by weight passing through standard sieves with square 

1 openings 

Per cent passing, not 
more than 

j 3 in. ' 

2 ill. 

IH in. 

1 in. 

H in. 

No. 4 
sieve 

No. 8 

sieve 

3 

100 


40-75 



15 

5 

2 


100 


40-75 


15 

5 

IH 

. . . 


100 


40-75 

15 

5 

1 

’ ‘ 


. . . 

100 


15 

5 

H 





100 

15 

5 


* The engineer should strike out one of these titles. The Committee recommends as preferred 
material for reinforcement that meeting the requirements of the Standard Specifications for Billet-steel 
Concrete Reinforcement Bars of intermediate grade (except as noted under Section 20), made by the 
open-hearth process. 
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Table I. — Sizes and Areas of RBiNroRCEMENT Bars 


Area, sq. in. 


Size of bar, in. 


Hound 


Square 


H 

H 

« 

H 

H 

1 

IH 

IH 


0.110 

0.196 

0.307 

0.442 

0.601 

0.785 


0.250 


1.000 
1.266 
1 . 563 


The areas of deformed bars shall be determined by the minimum cross-section thereof. 

23 . Deformed Bars. — An approved deformed bar shall be one that will develop a bond strength at 
least 25 per cent greater than tliat of a plain round bar of equivalent cross-sectional arcu.i 

24 . Structural Shapes. — Structural steel shapes used for rciinforcemcnt shall conform to the require- 
ments of the Standard Specifications’ for Structural Steel for Bridges (Serial Designation: A 7-21) of 
the American Society for Testing Materials, Standard Specifications’ for Structural Steel for Buildings 
(Serial Designation: A 9-21) of the American Society for Testing Materials. 

26 . Cast Iron.— The quality of cast iron used in composite columns shall conform to the require- 
ments of the Standard Specifications for Cast-iron Pipe and Special Castings (Serial Designation: 
A 44-04) of the American Society for Testing Materials. 

V. Proportioning and Mixing Concrete 
A. Proportioning. 

26 . Unit of Measure. — The unit of measure shall be the cubic foot. Ninety-four pounds (one bag 
or H bbl.) of Portland cement shall be considered as one cubic foot. 

27 . Method of Measuring. — Each of the constituent materials shall bo measured separately by 
volume’ weight.’ The method of measurement shall be such as to secure the specified proportions in 
each batch. If volume measurement is used, the fine aggregate and the coarse aggregate shall bi; 
measured loose as thrown into the measunng device. The water shall be measured by an automatic 
device that will insure the same quantity in successive batches. 

28 . ’ Proportions. — The proportions of cement, water and aggregate shall be such as to produce 
concrete of the strength and quality specified in Secs. 3 and 4. The proportions shall be 1 part of 
Portland cement, — • parts of fine aggregate, and — ’ parts of coarse aggregate as determined by the 
engineer from concrete tests of the materials to be used. The tests shall be made in accordance with 
the Tentative Methods of Making Compression Tests of Concrete. The quantity of water used shall 
be such os to produce concrete of the consistency required by the particular class of work and shall be 
as specified in Sec. 29. In case the grading of the supply of available aggregate varies from that upon 
which the proportions were based, such aggregate may be used, provided the new proportions, as 
determined by the engineer, are such os to produce concrete of the required strength and quality. 

28 .’ Proportions. — The contractor shall use materials, so proportioned and mixed, as to produce 
concrete of the required workability and strength.* Frequent compression tests of the concrete used in 
the work will be made b.v the engineer, and in case of failure to meet the specified strength, the contractor 
shall make such changes in the materials, proportions, or mixing, as may be necessary to secure concrete 
of the required strength. Concrete tests shall be made in accordance with the Standard Methods of 
Making and Storing Specimens of Concrete in the Field and the Tentative Methods of Making Com- 
pression Tests of Concrete. 

’ The Committee has under consideration a specification for deformed bars but is not prepared at 
this time to make more definite recommendations. 

* The engineer should strike out one of these UtlM. 

* The engineer should strike out one of these terms. 

4 The engineer should indicate his choice of the method of proportioning to be used by striking 
out two of tbe Sections numbered 28. 

* The engineer should fill in these blanks. 

* The use of this method should be accompanied by a clause in the contract which indicates the 
rpocedure to be followed in case tests show that concrete of the specified strength has not been obtained. 
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28.1 Proportions. — The proportions shall bo 1 part of Portland cement, — * parts of fine aggregate, 
and — * parts of coarse aggregate. . The proportions of materials shall be selected from Table IV. 
In case the grading of the supply of available aggregate varies from that upon which the proportions 
were based, such aggregate may be used, provided the new proportions, as determined by the engineer, 
are such as to produce concrete of the required strength and quality. 

H. Consistency 

89. Consistency. — The engineer siiall determine and specify the consistency of the concrete for 
various portions of the work baaed on tests of the materials to bo used. The consistency of the concrete 
ahall be measured by the slump test in the manner described in the Tentative Specifications for Work- 
ability of Concrete for Concrete Pavements (Serial Designation: D 62-20 T) of the American Society 
lor Testing Materials. The slump for dilTcrcnt types of concrete shall not be greater than indicated in 
Table II. 

The consistency shall bo checked from time to time during the progress of the work. 

TaDLE it. WoitKABlLITY OF OoNCUKTE 


Type of coiicrcto 


Maximum slump, in. 


1. Mass concrete 

2. Reinforced concrete: 

(a) Thin vertical sections and coIuiiiiih 

(5) Heavy sections 

(c) Thin confined liorizontal sections 

3. Roads and pavements: 

(a) Hand finished .... 

(6) Machine finished 

4. Mortar for floor finish 


" The engineer should in.sert the slumps requireil, bused on tests called for in this section. The slump 
test requirement is intended to insure concrete mixed with the minimum quantity of water required to 
produce a plastic mixture. The following table indicates the maximum slump desirable for the various 
types of concrete, based on average aggregates and proportions: 


Type of concrete 


Maximum slump, in. 


1. Mass concrete. . . . 

2. Reinforced concrete: 

(a) Thin vertical sections and columns 

(6) Heavy sections 

(c) Thin confined horizontal sections . . . 

3. Roads and pavements: 

(o) Hand finished 

(b) Machine finished 

4. Mortar for floor finish 


C. Mtxinff 

so. Machine Mixing. — Mixing, unless otherwise authorized by the engineer, shall bo done in a batch 
mixer of approved type, which will insure a uniform distribution of the materials throughout the mass, 
so that the mixture is uniform in color and homogeneous. The mixer shall be equipped with suitable 
charging hopper, water storage, and a water-measuring device controlled from a case which can be kept 
locked and so constructed that the water can be discharged only while the mixer is being charged. It 
shall also be equipped with an attachment for automatically locking the discharge lever until the batch 
has been mixed the required time after all materials are in the mixer. The entire contents of the drum 
shall bo discharged before recharging. The mixer shall be cleaned at frequent intervals while in use. 

81. Time of Mixing. — The mixing of each batch shall continue not less than IH minutes after all 
the materials are in the mixer, during which time the mixer shall rotate at a peripheral speed of about 200 

> The engineer should indicate his choice of the method of proportioning to be used by striking out 
two of the sections numbered 28. 

> The engineer should fill in these blanks. 
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ft. per minute. The volume of the mixed material per batch shall not exceed the manufacturer's rated 
capacity of the mixer. 

SI. Hand Mixing. — When hand mixing is authorized by the engineer it shall be done on a water- 
tight platform. The materials shall be turned at least six times after the water is added and until the 
batch is homogeneous in appearance and color. 

SS. Retempering. — The retempering of concrete or mortar which has partially hardened, that is, 
remixing with or without additional cement, aggregate or water, shall not be permitted. 

VI. Depositinq Concrete 

• A. Depositing in Air 

S4. General. — Before beginning a run of concrete, hardened concrete and foreign materials shall bo 
removed from the inner surfaces of mixing and conveying equipment. 

86. Approval.— Before depositing concrete, debris shall be removed from the space to be occupied 
by the concrete; forms shall be thoroughly wetted (except in freezing weather) or oiled. Iteinforccment 
shall be thoroughly secured in position and approved by the engineer. 

86. Handling. — Concrete shall be handled from the mixer to the place of final deiiosit as rapidly as 
practicable by methods which shall prevent the separation or loss of the ingredients. It shall be depos- 
ited in the forms as nearly as practicable in its final position to avoid rehandling. It shall be deposited 
in approximately uniform horizontal layers; the piling up of the concrete in the forms in such manner us 
to permit the escape of the mortar from the coarse aggregate will not be permitted. Forms for walls or 
other thin section of considerable height, shall be provided with openings, or other devices that will 
permit the concrete to be placed in a manner that will avoid accumulations of hardened concretp on forms 
or metal reinforcement. Under no circumstunces shall concrete that has partially hardened be deposited 
in the work. 

87. Spouting. — When concrete is conveyed by spouting, the plant shall be of such size and design 
as to insure a practically continuous flow in the spout. The angle of the spout with the horizontal shall 
be such as to allow the concrete to flow without separation of the ingredients. ^ The spout shall be 
thoroughly flushed with water before and after each run. The delivery from the spout shall be os close 
as possible to the point of deposit. When operation must be intermittent, the spout shall discharge 
into a hopper. 

88. Compacting. — •Concrete, during and immediately after depositing, shall be thoroughly com- 
pacted by means of rods or forks. For thin walls or inaccessible portions of the forms where rodding 
or forking is impracticable, the concrete shall be assisted into place by tapping or hammering the 
forms. The concrete shall be thoroughly worked around the reinforcement, and around embedded 
fixtures, into the corners of the forms. 

89. Removal of Water. — Water shall be removed from excavations before concrete is dciposited unless 
otherwise directed by the engineer. A continuous flow of water into the excavation shall be diverted 
through proper side drains to a sump, or by other approved methods which \vill avoid washing the 
freshly deposited concrete. 

40. Protection. — Exposed surfaces of concrete subjected to premature drying shall be kept thor- 
oughly wetted for a period of at least 7 days. 

41. Cold Weather. — Concrete mixed and deposited during freezing weather shall have a temperature 
of not less than fiO deg. F. nor more than 100 deg. F. Suitable means shall be provided for maintaining 
a temperature of at least 50 deg. F. for not less than 72 hours after placing, or until the concrete has thor- 
oughly hardened. The methods of heating the materials and protecting the concrete shall be approved 
by the engineer. Salt, chemicals or other foreign materials shall not be used to prevent freezing. 

41. Depositing Continuously. — Concrete shall be deposited continuously and as rapidly as practi- 
cable and until the unit of operation, as approved by the engineer, is coinpletfai. Construction joints at 
points not provided for in the plans shall be made in accordance with the provisions in Sec. 69. 

48. Bonding. — The surface of the hardened concrete shall be roughened and thoroughly cleaned of 
foreign matter and laitance, and saturated with water and forms retightened before depositing concrete. 
An excess of mortar on vertical or inclined surfaces shall be secured by thoroughly rodding or forking 
the freshly deposited concrete to remove the coarse aggregate from contact with the hardened concrete. 

B, Rubble and Cyclopean Concrete 

44 . Rubble Concrete. — Rubble aggregate shall be thoroughly embedded in the concrete. The 
individual stones shall not be closer to any surface or adjacent stone than the maximum size of the 
coarse aggregate plus 1 in. Each successive layer of concrete shall be keyed in accordance with 
the provision in Sec. 69. 

46. Cyclopean Concrete. — Cyclopean aggregate shall be thoroughly embedded in the concrete; 
no stone shall be closer to a finished surface than 1 ft., nor closer than 6 in., to any adjacent stone. 
Stratified stone shall be laid on its natural bed. 

i An i^nglw of about 27 deg., or one vertical to two horizontal, is good practice. Spouting through 
a vertical pipe is satisfactory when the flow is continuous; when it is unchecked and discontinuous it 
is highly objectionable unless the flow is broken by baflies. 
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C. Depositing Under Water^ 

46. General. — The methods, equipment, and materials to be used shall be submitted to and 
approved by the engineer before the work is started. Concrete shall be deposited by a method that will 
prevent the washing of the cement from the mixture, minimize the formation of laitanoe and avoid flow 
of water until the concrete has fully hardened. Concrete shall be placed so as to minimize segregation 
of materials. Hand mixing will not be permitted. Concrete shall not be placed in water at tempera- 
tures below 35 deg. F. 

47. Proportions. — Concrete deposited under water shall consist of not loss than 1 part of Portland 
cement to 6 parts of fine and coarse aggregate, measured separately. 

48. Cofferdams. — Cofferdams shall be suffidently tight to prevent flow of water through the space 
in which concrete is to be deposited. Pumping will not be permitted while concrete is being deposited, 
nor until it has fully hardened. 

49. Depositing Continuously. — Concrete shall be deposited continuously, keeping the top surface 
as nearly level as possible, until Jt is brought above water or to the required height. The work shall 
be carried on with sufficient rapidity to insure bonding of the successive layers. 

80. Method. — The following method* shall be used for depositing concrete under water: 

(a) Tremie . — The tremie shall be water-tight and sufficiently large to permit a free flow of concrete. 
It shall be kept filled* at all times during depositing. The concrete shall be discharged and spread by 
raising the tremie in such manner as to maintain as nearly as practicable a uniform flow and avoid 
dropping the concrete through water. If the charge is lost during depositing the tremie shall be with- 
drawn and refilled. 

(b) Drop-bottom Bucket . — The bucket shall be of a typo that cannot be dumped until it rests on the 
surface upon which the concrete is to be deposited. The bottom doors when tripped shall open freely 
downward and outward. The top of the bucket shall be open. The bucket shall be completely filled, 
and slowly lowered to avoid back-wash. When discharged, the bucket shall be withdrawn slowly 
until clear of the concrete. 

(r) Baga . — Bags of jute or other coarse cloth shall be filled about two-thirds full of concrete and 
carefully placed by hand in a hcader-and-stretchcr system so that the whole mass is interlocked. 

81. Laitance. — The concrete shall be disturbed as little us possible while it is being deposited, in 
order to avoid the formation of laitance. Laitance shall be removed. 

VII. Fokms 

62. General. — Forms shall conform to the shape, lines and dimensions of the concrete as called for 
on the plans. Lumber used in forms for exposed surfaces shall be dressed to a uniform thickness, and 
shall be free from loose knots or other defects. Joints in forms shall be horizontal or vertical. For 
unexposed surfaces and rough work, undressed lumber may be used. Lumber once used in forms shall 
have nails withdrawn, and surfaces to be in contact with concrete thoroughly cleaned, before being used 
again. 

83. Design. — Forms shall be substantial and sufficiently tight to prevent leakage of mortar; they 
shall be properly braced or tied together so as to maintain position and shape. If adequate foundation 
for shores cannot be secured, trussed supports shall be provided. 

64. Workmanship. — Dolts and rods shall preferably bo used for internal ties; they shall be so 
arranged that when the forms are removed no metal shall be within 1 in. of any surface. Wire ties will 
be permitted only on light and unimportant work; they shall not be used through surfaces where dis- 
coloration would be objectionable. Shores supporting successive stories shall be placed directly over 
those below, or so designed that the lead will be transmitted directly to them. Forms shall be set to 
line and grade and so constructed and fastened as to produce true lines. Special care shall be lued to 
prevent bulging. 

88 . Moldings. — Unless otherwise specified, suitable moldings or bevels shall be placed in the angles 
of forms to round or bevel the edges of the concrete. 

66 . Oiling. — The inside of forms shall be coated with non-staining mineral oil, or other approved 
material, or thoroughly wetted (except in freezing weather). Where oil is used, it shall be applied before 
the reinforcement is placed. 

* Concrete should not bo deposited under water if practicable to deposit in air. There is always 
uncertainty as to the results obtained from placing concrete under water; where conditions permit, 
the additional expense and delay of avoiding this method will be warranted. It is especially important 
that the aggregate be free from loam and other material which may cause laitance. Washed aggregates 
are preferable. Coarse aggregate consisting of washed gravel of a somewhat smaller size than used in 
open-air concrete work will give best results. Concrete should never be deposited under water without 
experienced supervision. Many failures, especially of structures in sea' water, can be traced directly 
to ignorance of proper methods or lack of expert supervision. 

* The engineer should strike out the method or methods Inapplicable to the work. 

* The tremie may be filled by one of the following methods. (1) Place the lower end in a box 
partly filled with concrete, so as to seal the bottom, then lower into position; (2) plug the tremie with 
cloth sacks or other material, which will be forced down as the tube is filled with concrete; (8) plug up 
the end of the tremie with cloth sacks filled with concrete. 



APPENDIX F 


741 


57, Inspection of Forms. — Temporary openings shall bo provided at the base of column and wall 
forms, and other places where necessary to facilitate cleaning and inspection immediately before 
depositing concrete. 

58. Removal of Forms. — Forms shall not bo disturbed until the concrete has adequately hardened, 
nor shall the permanent shores be removed until the structure has attained its full design strength^ and 
all excess construction load has been removed. Wall and column forms shall bo left in place until the 
concrete has hardened sufficiently to sustain its own weight and the construction loads likely to come 
upon it. Forms other than wall or column forms shall be left in place until the concrete has hardened 
sufficiently to carry the full load which it must sustain, unless removed in sections and each section of 
^he structure is immediately re-shored. 

VIII. Details or Constuttotion 

A. Metal Reinforcement 

89. Cleaning. — Metal reinforcement, before being positioned, shall be thoroughly cleaned of mill 
and rust scale, and of coatings of any character that will destroy or reduce the bond. Heinfnrccinent 
appreciably reduced in section shall be rejected. Reinforcement shall be re-inspected and when 
necessary cleaned, where there is delay in depositing concrete. 

60. Bending. — Reinforcement shall be carefully formed to the diincnsionH indicated on the plans 
or called for in the specifications. The radius of bends shall be 4 or more times the least diameter of the 
reinforcement bar. 

61. Straightening. — Metal reinforcement shall not be bent or straightened in a manner that will 
injure the material. Bars with kinks or sharp bends shall not be used. 

62. Placing . — Metal reinforcement shall be accurately positioned, and secured against displacement 
by using annealed iron wire of not less than No. 18 gage or suitable clips at intersections, and shall be 
supported by concrete or metal chairs, or spacers, or by metal hangers. Parallel bars shall not he 
placed closer in the clear than IH times the diameter of round bars or IH times the diagonal of square 
bars: if the ends of bars arc hooked as specified in Sec. 180 the clear spacing may be made equal to the 
diameter of round bars or to the diagonal of square bars, but in no case shall the spacing between bars 
be less than 1 in., nor less than IH times the maximum size of the coarse aggregate. 

63. Splicing. — Splices of tension reinforcement at points of maximum stress shall bo avoided. 
Splices, where required, shall provide sufficient lap to transfer the stress between bars by bond and shear, 
or by a mechanical connection such as a screw coupling. 

6i. Offsets in Column Reinforcement. — Vertical reinforcement shall be offset in a region where 
lateral support is afforded when changes in column cross-section occur and the vertical reinforcement 
bars are not sloped for the full length of the column. 

68. Future Bonding. — Exposed reinforcement bars intended for bonding with future extensions shall 
bo protected from corrosion. 

B. Concrete Covering over Metal 

66. Moisture Protection. — Metal reinforcement in wall footings and column footings shall have a 
minimum covering of 3 in. of concrete. 

67. Fire Protection. — Metal reinforcement in fire-resistive construction shall be proected by not less 
than 1 in. of concrete in slabs and walls, and not less than 2 in. in beams, girders and columns, provided 
aggregate showing an expansion not materially greater than that of limestone or trap rock is used; when 
impracticable to obtain aggregate of this grade, the protective covering shall be 1 in. thicker and shall be 
reinforced with metal mesh not exceeding 3 in. in greatest dimensions, placed 1 in. from the finished 
surface. 

The metal reinforcement in structures containing incombustible materials and in bridges where the 
fire hazard is limited, shall be protected by not less than ^4 in. of concrete in slabs and walls and of not 
less than 1^ in. in beams, girders and columns. 

68 . Plaster. — Plaster finish on an exposed concrete surface may be allowed to reduce the thickness 
of concrete protection required in Sec. 07 by one-half the thickness of the plaster, but the protection 
shall not be less than that specified in Secs. 66 and 67. 

C. Joints 

69. Construction Joints. — Construotion joints not indicated on the plans nor specified shall be 
located and formed so as to least impair the strength and appearance of the structure. Horizontal 
construction joints shall be formed by embedding stones projecting above the surface or by roughening 
the surface in contact, or by mortises or keys formed in the concrete. Sufficient section shall be provided 
in horizontal as well as vertical keys to resist shear. 

70. Joints in Columns. — Construction joints in columns shall bo made at the underside of the floor. 
Haunches and column capitals shall be considered as part of and built monolithic with the floor 
construction. 

1 Many conditions affect the hardening of concrete and the proper time for the removal of the forms 
should be determined by a competent and responsible person. 
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71 . Joints in Floors. — Construction joints in floors shall be located near the center of spans of slabs, 
beams, and girders, unless a beam intersects a girder at this point, in which case the joints in the girders 
shall be offset a distance equal to twice the width of the beam. Adequate provision shall be made for 
shear either by sufficient rciiiforceinent, or by sloping the joint so as to provide an inclined bearing. 

72 . Monolithic Construction. — Girders and beams designed to be monolithic with walls and columns 
shall not be cast until 2 hours after the completion of the walls or columns. 

73 . Construction Joints in Long Buildings. — Construction joints made crosswise of a building 100 ft. 
or more in length, shall have special reinforcement placed at right angles to the joint and extending a 
sufficient distance on each side of the joint to develop the strength of the reinforcement by bond. This 
reinforcement shall be placed near the opposite face of the member from the main tension reinforcement; 
the amount of such reinforcement shall be not less than 0.5 per cent of the section of the members cut 
by the joint. 

74. Expansion Joints. — Expansion joints shall bo so detailed that tho necessary movement may occur 
with the minimum of resistance at the joint. The structure adjacent to the joint shall preferably be 
supportcfl on separate columns or anils. Reinforcement shall not extend across an expansion joint. 
The break between the two sections shall be complete, and may be effected by a coating of white lead 
.and oil, asphalt paint or petrolatum, or by building paper, placed over the entire surface of tho hardened 
concrete. Exposed edges of expansion joints in walls or abutments shall be bonded. Exposed expan- 
sion joints fr)rin(‘d between two distinct concrete members shall be filled with an clastic joint filler of 
approved quality. 

76 . Expansion Joints in Long Buildings. — Structures exceeding 200 ft. in length and of width less 
than about one-half the length, shall be divided by means of expansion joints, located near the middle, 
but not more than 200 ft. apart, to minimize the destructive effects of temperature changes and shrink- 
age. Structures in which marked changes in plan section take place abruptly, or within a small distance, 
shall be provided with expansion joints at the points where such changes in section occur. 

76 . Sliding Joints. — The seat of sliding joints shall be finished with a smooth troweled surface and 
shall not have the superimposed concrete placed upon it until it has thoroughly hardened. In order to 
facilitate sliding, two thicknesses of building paper shall bo placed over the seat on which the super- 
imposed concrete is to be deposited. 

77 . Water-tight Joints. — When it is not possible to finish a section of the structure in one con- 
tinuous operation and water-tight construction is required, the joints shall be prepared as follows: 
The surface of the first section of concrete shall be provided with continuous keyways. All laitanco 
and other foreign substances shall he removed from the surface of the concrete first placed; this surface 
shall then be thoroughly saturated with water and given a heavy coating of neat cement. The next 
section of concrete shall be placed in such manner as to insure an excess of mortar over the entire surface 
of the joint. Where shown on the plans, the joint shall bo so constructed as to permit of its being 
oaulked with oakum. 

IX. Waterproofing and Protective Treatment 

A. Waterproofing 

78 . General. — The requirements for quality of concrete in Sec. 28 shall bo strictly followed. 
Particular attention shall be given to workmanship. 

79 . Integral Compounds. — Integral compounds shall not be used. 

80 . Membrane Waterproofing. — Membrane waterproofing shall be used in basements, pits, shafts, 
tunnels, bridge floors, retaining walls and similar structures, where an added protection is desired. 

81 . Water-tight Joints. — See Sec. 77. 

B. Oilproofing 

82 . Oilproofing. — Concrete structures for containing light mineral oils, animal oils, certain vegetable 
oils and other commercial liquids shall be given a special coating which shall be applied immediately 
after construction. Floors or other surfaces exposed to heavy concentrations of such oils or liquids 
shall be similarly protected. The treatment to be applied shall be approved by the engineer. 

C. Concrete in Sea Water 

88 . Proportions. — Plain concrete in sea water or exposed directly along the sea coast shall contain 
not less than 1 H bbl. (6 bags) of Portland cement per cubic yard in place; concrete from 2 ft. below low 
water to 2 ft. above high water, or from a plane below to a plane above wave action, shall be made of a 
mixture containing not loss than bbl. (7 bags) of Portland cement per cubic yard in place. Slag, ' 
broken brick, soft limestone, soft sandstone or other porous or weak aggregates shall not be used. 

84 . Depositing. — Concrete shall not be deposited under sea water unless unavoidable, in which case 
it shall be placed in accordance with the methods described in Secs. 48 to 51. Sea water shall not be 
allowed to come in contact with the concrete until it has hardened for at least 4 days. Concrete shall be 
placed in such a manner as to avoid horisontal or inclined seams or work planes. The placing of con- 
crete between tides shall be a continuous operation, in accordance with the methods described in Sec 42; 
where it Is impossible to avoid seams oi^ joints proceed os in Sec. 43. 
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S5. Protection, Metal reinforcement ahall be placed at least 3 in. from any plane or curved surface, 
and at corners at least 4 iii. from all adjacent surfaces. Metal chairs, supports, or tics shall not extend 
to the surface of the concrete. Where unusually severe conditions of abrasion are anticipated, the face 
of the concrete from 2 ft. below low water to 2 ft. above high water, or from a plane below to a plane 
above wave action, shall bo protected by creosoted timber, dense vitrified shale brick, or stone of suitable 
quality, as designated on the plans. 

86 . Consistency." The consistency shall be such as to produce concrete which for mass work shall 
give a slump of not more than 2 in., and for reinforced concrete a slump of not more than 4 in. 

• D. Concrete in Alkali Sotls or Water 

87 . Proportions. — Concrete below the ground-line shall contain not less than bbl. (7 bags) of 
Portland cement per cubic yard in place. 

88. Consistency. — The consistency of the concrete shall be such as to produce a slump of not more 
than 2 in., and for small members in which aggregates coarser than in. cannot be used, a slump of not 
more than 6 in. 

89 . Placing. — Concrete should be placed in such a manner as to avoid horizontal or inclined scams, 
or work planes; where this is impossible the requirements of Sec. CO shall be followed. 

90 . Curing. — Concrete shall be kept wet with fresh water fur not less than 7 days following placing. 

91 . Protection. — Metal reinforcement or other corrodible metal shall not be placed closer than 2 in. 
to the faces of members exposed to alkali soil or water. 

X. Surface Finish 

98 . General. — Concrete to have exposed surfaces with specified finish sliall be mixed, placed and 
worked to secure a uniform distribution of the aggregates, and insure uniform texture of surface. i 
Placing shall bo continuous throughout each distinct division of an area. Joint lines shall be located at 
indicated points. Voids which appear upon removal of the forms shall be drenched with water and be 
immediately filled with material of the same composition as that used in the surface, and smoothed with 
a wood spatula or float. Fins or offsets shall be neatly removed. The work shall be finished free from 
streaks. 

98 . Top Surfaces not Subject to Wear. — Top surfaces not subject to wear shall be smoothed with a 
wood float and be kept wet for at least 7 days. Care shall be taken to avoid an excess of water in the 
concrete, and to drain off or otherwise promptly remove any water that comes to the surface. Dry 
cement, or a dry mixture of cement and sand, shall not be sprinkled directly on the surface. 

A. Wearing Surfaces 

94 . One-course Work. — Aggregates for the wearing surface shall have a high resistance to abrasion 
They shall be carefully screened and thoroughly washed. The least quantity of mixing water that will 
produce a dense concrete shall be used. The mix shall not be leaner than 1 part of Portland cement and 
2yi parts of aggregate. The surface shall be screeded even anti finished with a w^ood float. Fxccss 
water shall be promptly drained off or otherwise removed. Overtrowcling shall be avoided. 

96 . Two-course Work. — In two-course work the w'caring surface shall be placed within H hour after 
the base course. 

If the wearing surface is required to be applied to a hardened base course, the latter shall be prepare.d 
by roughening with a pick or other effective tool, thoroughly drenching with w-utcr until saturated and 
covered with a thin layer of neat cement immediately before the w'caring surface is placed. 

The finished wearing course in two-course work shall not be thinner than 1 in. 

96 . Curing. — Concrete wearing surfaces constructed in accordance with Sera. 94 and 95, shall 
be kept wet* for at least 10 days in the case of floors and 21 days in the case of roads and pavements. 

97 . * Terrazzo Finish. — Terrazzo finish shall be constructed by mixing 1 part of Portland cement, 
2H parts of crushed marble which will pass through a H-iii. screen and is free from dust, and sufficient 
water to produce a dense concrete, which shall be spread on the base course and worked down to a 
thickness of 1 in. by patting or rolling and troweling. 

The surface shall be kept wet for not less than 10 days and after thoroughly curing shall be rubbed 
to a plane surface with a stone or a surfacing machine. Hardened concrete to which a terrazzo finish is 
to be applied shall bo prepared as pniscribed in Sec. 95. 

97 .* Terrazzo Finish. — Terrazzo finish shall be constructed by mixing 1 part of Portland cement, 2 
parts of sand and sufficient water to produce a plastic mortar, which shall be spread on the base course 
to a depth of 1 in. Crushed marble, which will pass through a K-in. screen and is free from dust, shall 
be sprinkled over the surface of the fresh mortar and pressed or rolled in. 

1 This is accomplished by uniform proportioning of ingredients, and thorough mixing with the proper 
amount of water; after placing, the concrete should be thoroughly rodded or forked to force the aggre- 
gate against the face forms and prevent the formation of voids. 

* Prevention of premature drying during the early hardening of concrete is essential to the develop- 
ment of high resistance to abrasion. The surface may be covered with a layer of burlap, earth or sand, 
kept wet, or it may be divided into small areas by dikes and flooded with water to a depth of 2 or 3 in. 

1 The engineer should strike out one of the two Sections numbered 97. 
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The surface shall be kept wet for not less than 10 days and after thoroughly curing shall be rubbed 
to a plane surface with a stone or a surfacing machine. Hardened concrete to which a terrasso finish is 
to be applied shall be prepared as prescribed iu Sec. 95. 


B. Decorative Finishes 

98. Rubbed Finish. — Concrete shall be wetted immediately after the forms are removed and rubbed 
even and smooth with a carborundirii brick, or other abrasive, and to uniform appearance without 
applying any cement or other coating. 

99. Scrubbed Finish. — The face forms shall bo removed as soon os the concrete has hardened suffi-* 
ciently. Voids shall be immediately filled with mortar of the same composition us that used in the face. 
Fins and other unevennesses shall be rubbed off and the whole surface be scrubbed with fiber or wire 
brushes, using water freely, os the degree of hardness may require, until the aggregate is uniformly 
exposed; the surface shall then be rinsed with clean water. The corners shall be sharp and unbroken. 
If portions of the surface have become too hard to scrub in uniform relief, dilute hydrochloric acid (1 part 
of acid to 4 parts of water) may be used to facilitate scrubbing of hardened surfaces. The acid shall be 
thoroughly washed off with clean water. 

100. Sand Blast Finish. — Immediately following removal of forms, voids shall be filled with mortar 
of the same composition as that used in the face and allowed to harden. Unevennesses and form marks 
shall be removed by chipping or rubbing; the face shall then be cut with an air blast of hard sand with 
angular grains until the aggregate is in uniform relief. 

101. Tooled Finish. — The surface shall be permitted to become hard and dry before tooling. The 
cutting shall remove the entire skin and produce a uniform surface true to Mnes. 

108. Sand Floated Finish. — The forms shall be removed before the surface has fully hardened; the 
surface shall be rubbed with a wooden float by a uniform circular motion, using fine sand until the result- 
ing finish is even and uniform. 

lOS. Colored Aggregate Finish. — Colored or other special aggregate used for finish shall bo exposed 
by scrubbing as provided in Sec. 99. Facing mortar of 1 part of Portland cement, parts of sand, 
and 3 parts of screenings or pebbles shall be placed against the face forms to a thickness of about 1 in. 
sufficiently in advance of the body concrete to prevent the latter coming in contact with the form. 

104. Colored Pigment Finish. — Mineral pigment shall be thoroughly mixed dry with the Portland 
oement and fine aggregate; care shall be taken to secure u uniform tint tljroughout. 

XI. Design 
A. General Assumptions 

100. General Assumptions. — The design of reinforced concrete members under these specifications 
shall be based on the following assumptions; 

(а) Calculations are made with reference to working stresses and safe loads rather than with reference 
to ultimate strength and ultimate loads. 

(б) A plane section before bending remains plane after bending. 

(r) The modulus of elasticity of concrete in compression is constant v/ithin the limits of working 
j^resses; the distribution of compressive stress in beams is therefore rectilinear. 

(d) The values for the modulus of elasticity of concrete in computations for the position of the neutral 
axis, for the resisting moment of beams and for compression of concrete in columns, are as follows: 

(1) One- fortieth that of steel, when the compressive strength of the concrete at 28 days is below 

800 lb per sq. in.; 

(2) One-fifteenth that of steel, when the compressive strength of the concrete at 28 days lies 

between 800 and 2,200 lb. per sq. in.; 

(3) One*twelftH that of steel, when the compressive strength of the concrete at 28 days lies 

between 2,200 and 2,900 lb. per sq. in. 

(4) One-tenth that of steel, when the compressive strength of the concrete at 28 days is higher 

than 2,900 lb. per sq. in.; 

(5) One-eighth that of steel for calculating the deflection of reinforced concrete beams which 

are free to move longitudinally at the supports, and in which the tensile resistance of 

the concrete is neglected. 

(e) In calculating the moment of resistance of reinforced concrete beams and slabs the tensile 
resistance of the concrete is neglected. 

(/) The adhesion between the concrete and the metal reinforcement remains unbroken throughout 
the range of vlorking stresses. Under compression the two materials are therefore stressed in proportion 
to their moduli of elasticity. 

(g) Initial stress in the reinforcement due to contraction or expansion of the concrete is neglected, 
except in the design of reinforced concrete columns. 
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B. Flexure of Rectangular Reinforced Concrete Beanie OKd Slabs 

106« Flexure Formulas. — Computations of flexure in rectangular reinforced concrete beams end 
slabs shall be based on the follouing formulas: 

(a) Reinforced for Tension Only. 

Position of neutral axis. 

k =- y/2pn (/i/i)2 -- jm (1) 

Arm^ of resisting couple, 

J - 1 - 3 (2) 


Compressive unit stress^ in extreme fiber of concrete, 

2M _ 2pf, 
" jkbdi ~ k 

Tensile unit stress^ in longitudinal reinforcement, 

Atfd vjbd^ 


Steel ratio for balanced reinforcement. 


1 




For formulas on shear and bond, sec See. 120 and 140. 
(6) Reinforced for Both Tenmon and Compresaton. 

Position of neutral axis, 


(3) 

(4) 

( 6 ) 


^ -1 ) d- w* (p -f ?/)* - n(yi + 7/) 

Position of resultant compression, 

^ kH + 2p'nd'(ji - || ) 

* “ ' ' / d'\ 

** + 2p'n } 


Arm* of resisting couple. 


jd 


d - z 


Compressive unit stress* in extreme fiber of concrete, 

fo 




Tensile unit stress* in longitudinal reinforcement, 

" pjbd* “ A: 

Compressive unit stress* in longitudinal reinforcement, 

d' 


nfc 


k - 
k 


(6) 

(7) 

( 8 ) 

('.») 


( 10 ) 


;ii) 


107. Notation. — Tho symbols* used in formulas (1) to (23) are defined as follows: 

At » effective cross-sectional area of metal reinforcement in tension in beams; 
b “ width of rectangular beam or width of flange of T-beam ; 

d =■ depth from compression surface of beam or slab to center of longitudinal tension reinforcement; 
d' 3» depth from compression surface of beam or slab to center of compression reinforcement; 
ft » compressive unit stress in extreme fiber of concrete; 
ft B tensile unit stress in longitudinal reinforcement; 

A » compressive unit stress in longitudinal reinforcement; 
h ■" unsupported length of column; 

I — moment of inertia of a section about the neutral axis for bending; 
y « ratio of lever arm of resisting couple to depth d; 
k -■ ratio of depth of neutral axis to depth d; 

I ■■ span length of beam or slab (generally distance from center to center of supports — see Sec. 108) ; 
M bending moment or moment of resistance in general; 
n ■■ 2- ■■ ratio of modulus of elasticity of steel to that of concrete; 

p ratio of effective area of tension reinforcement to effective area of concrete in beams ■■ 


« For/« - 16,000 to 18,000 lb. per sq. in. and /• - 800 to 900 lb. per sq. in.. 3 may ^ assumed as 0.86. 
For values of p» varying from 0.04, to 0.24, jk is approximately equal to 0.67 ^ pn 
* For iUustration of notation as applied to typical beams or slabs, see Figs. 1 and 2. 
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V' ^ ratio of efifectivo area of compression reinforcement to effective area of concrete in beams; 

w <*■ uniformly distributed load per unit of length of beam or slab; 

z » depth from compression surface of beam of slab of resultant of compressive stresses. 

108. Span Length. — The span length, 2, of freely supported beams and slabs, shall be the distance 
between centers of the supports, but shall not exceed the clear span plus the depth of beam or slab. 
The span length for continuous or restrained beams built monolitliically with supports shall be the clear 
distance between faces of supports. 1^'hcre brackets having a width not less than the width of the beam 
and making an angle of 45 deg. or more with the axis of a restrained beam are built monolithic with the, 
beam and the support, the span shall be measured from the section where the combined depth of the 
beam and bracket is at least one-third more than the depth of the beam. Maximum negative moments 
are to be considered ac existing at the ends of the span, as above defined. No portion of a bracket shall 
be considered as adding to the effective depth of the beam. 

109. Moments in Freely Supported Beams of Equal Span. — The following moments at critical sec- 
tions of freely supported beams and slabs of equal spans carrying uniformly distributed loads shall bo 
used: 

(a) Maximum positive moment in beams and slabs of one span, 

W ( 12 ) 


(6) Center of slabs and beams continuous for two spans only, 

(1) Positive moment at the ('.enter, 

ic2* 

10 

(2) Maximum lu'gative moment, 

M'Z* 

8 


M > 


M . 


(r) Slabs and beams eoiitinuous for more than two spans, 
(1) Center and supports of interior span.s, 

wli 
12 


M 


(2) Center and interior support of end spans, 

M . 


teZ* 

10 


( 13 ) 

( 14 ) 

( 16 ) 

( 16 ) 


(d) Negative moment at the supports of slab or beam built into brick or masonry w’alls in a manner 
that develops partial end restraint, 

M =- not less than (17) 

110. Moments in Beams Monolithic with Supports. — The following moments at the critical sections 
of beams or slabs of equal spans cast monolithic with columns or similar supports and carrying uniformly 
distributed loads shall be used: 


(a) Supports of intermediate spans, 

(b) Center of intermediate spans. 


M - 


12 


M . 


wl* 

16 


( 18 ) 

(19) 


(c) Beams in which ^ is less than twice the sum of the values of ^ for the exterior columns above 

and below which arc built into the beam. 

(1) Center and' first interior support. 


M - 


M>Z* 

12 


(2) Exterior supports. 


wZ* 

12 


( 20 ) 

( 21 ) 


(d) Beams in which ^ is equal to, or greater than, twice the sum of the values of ^ for the exterior 


columns above and below which are built into the beam, 
(1) Center of span and at first interior support of end span, 

ii>Z* 


M - 


10 


(2) Exterior support, 


^ 16 


( 22 ) 

( 23 ) 
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111. Moment CoeffidentB of Continuous Beams. — Continuous boams with unequal spans, whether 
freely supported or cast monolithic with columns, shall be analysed to determine the actual moments 
under the given conditions of loading and restraint. Provision shall be made for negative moment 
occurring in short spans adjacent to longer spans when the latter only arc loaded. 


C. Flexure of Reinforced Concrete. T-Beatns 

112. Flexure Formulas. -Computations of flexure in reinforeed eonerete T-beams shall be based olL 
the following formulas: 

. (a) Neutral Axis in the Flange. 

Use formulas for rectangular beams and slabs in See. 100. 

(b) Neutral Axis bdow the Flange.^ 

Position of neutral axis, 


2ndA, + ht* 

“ 2a,4. + 2ht 

(24) 

Position of resultant compression, 

/Skd - 2t\ t 
* \2kd -~ t ) 3 

(25) 

Arm of resisting couple. 


jd = d — z 

(26) 

Compressive unit stress in extreme fiber of concrete. 


Mkd /. / \ 

bt(kd - yit)jd /i - k) 

(27) 

Tensile unit stress in longitudinal reinforcement. 


A.jd 

(28) 


Formulas (24), (25), (26), (27) and (28) neglect compression in the stem.* 

113. Notation. — The symbols* used in formulas (21) to (28) arc defined in See. 107, except as follows: 

h* “ width of stem of T-beani; 
t ^ thickness of flange of T*beum; 

114. Flange Width. — Effective and adequate bond and shear resistance shall be provided in beam- 
and-slab construction at the junction of the beam and slab; the slab shall be built and considered an 
integral part of the beam; the effective flange width shall not exceed one-fourth of the span length of the 
beam, and its overhanging width on either side of the web shall not exceed 8 times the thickness of the 
slab nor one-half the clear distance to the next beam, 

116. Flange Length. — The unsupported length of the compression flange of a T-beain shall not execM 
36 times the least width of the beam. 

116. Transverse Reinforcement. — Where the principal slab reinforcement is parallel to the beam, 
transverse reinforcement, not less in amount than 0.3 per cent of the sectional area of the slab, shall be 
provided in the top of the slab and shall extend over the beam and into the slab not less than two-thirds 
of the effective flange overhang. The spacing of the bars shall not exceed 18 in. 


* For approximate results the formulas for rectangular beams, Sec. 106, may be used. 

* The following formulas take into account the cumprtnwion in the stem; they are recommended where 
the flange is small compared with the stem: 

Position of neutral axis. 


kd - - 6')/* ^ nA.- Kh - b t^y_ ± (b - b')t 


Position of resultant compression, 

(ifcd/*- %t«)6 + {(Ad-t)Ht + ^^(kd-t))] b' 

* “ " t(2kd- t)b + (U- t)*y 

Arm of resisting couple (see footnote Sec. 106), 

Jd ^ d- t 

Compressive unit stress in extreme fiber of concrete, 

2Mkd 

f’ " iCMd - t)bt + (W - «)*6'i;a 

Pensile unit stress in longitudinal reinforcement. 

For illustration of certain symbols as applied to typical T-beams, see Hg. 3. 


(24a 


(2.5a) 

(26o) 

(27a) 


(28a 
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117. Compressive Stress in Supports. — Provision shall be made for the compressive stress at the 
support in continuous T-beam construction. 

118. Shear. — The flange of the slab shall not be considered as effective in computing the shear and 
diagonal tension resistance of T-bcams. 

119. Isolated Beams. — Isolated beams in which the T-form is used only for the purpose of providing 
additional compression area, shall have a flange thickness not less than one-half the width of the web 
and a total flange width not more than 4 times the web thickness. 

L. Diagonal Tension and Shear 

a. Formulas and Notation 

180. Formulas. — Diagonal tension and shear in reinforced poneretc beams shall be calculated by the 
following formulas: 


Shearing unit stress, > 



V 

(29) 


® “ bjd 

Stress* in vertical web reinforceinerit. 




4vjd 

(30) 


121. Notation. — Thu symbols used in formulas (29) to (30) are defined in Sec. 107, except as follows: 

a = spacing of web reinforcement bars measured perpendicular to their direction; 

Av >= total urea of web reinforcement in tension within a distance of a (ai, at, at, etc.) or the total 
area of all bars bent up in any one plane; 

a « angle between web bars and longitudinal bars; 

fv B tensile unit stress in W’eb reinforcement; 

o *= perimeter of bar; 

£o = sum of perimeters of bars in one set; 

r — ratio of eruss-seciional area of negative reinforcement which crosses entirely over the column 
capital of a Hat slab or over the dropped panel, to the total cross-sectional urea of the negative 
reinforcement in the two column strips; 

a *= spacing of w'eb members, measured at the neutral axis and in the direction of the longitudinal 
axis of the beam; 

u B bond stress per unit of area of surface of bar; 

V — shearing unit stress; 

V = total shear; 

V* = external shear on any section after deducting that carried by the concrete. 

b. Beams without Web Rcinffn-cement 

188. Bars not Anchored. — The shearing unit stress in beams in which the longitudinal reinforcement 
is designed to meet all moment requirements, but without special anchorage, shall not exceed 0.02/'e, 
but in no case shall it exceed 40 lb. per sq. in. Adequate reinforcement shall be provided at all sections 
where negative moment occurs in beams continuous over supports or built into walls or columns at their 
ends. (For typical design, see Fig. 4.) 

183. Bars Anchored. — The shearing unit stress in beams m which longitudinal reinforcement is 
anchored by means of hooked ends or otherwise, as specified in Sec. 130, shall not exceed 0.03/'«. 
Adequate reinforcement for both positive and negative moment shall be provided at all sections where 
maximum moment exists. (For typical design, see Fig. 5.) 

c. Beams with Web Reinforcement 

184. With Web Reinforcement. — When the shearing unit stress calculated by formula (29) exceeds 
the values specified in Secs. 122 and 123, web reinforcement shall bo provided by one or more of the 
following methods: 

(a) Series of vertical stirrups or web bars; 

(h) Series of incliped stirrups or web bars; 

(c) Scries of bent-up longitudinal bars; 

(d) Longitudinal bars bent up in a single plane. 

Provision against bond failure of the web reinforcement shall bo as specified in See. 131. (For 
typical designs, see Figs. 0 and 7. For typical detail of anchorage of longitudinal bars and vertical 
stirrups, see Fig. 8.) 

186. Web or Beht-up Bars. — Where web reinforcement is present and where longitudinal reinforce- 
ment is provided to meet all moment requirements, the concrete may be assumed to carry a shearing 
unit stress not greater than 0.02f't and not greater in any case than 40 lb. per sq. in. In the case where a 
series of web bars or bent-up longitudinal bars is used, the web reinforcement shall be designed according 
to the formula: 

V'a F'ssina 

" Aid f^d 

(For typical design, see Fig. 9.) 

> Approximate results may be secured by assuming J » 0.875. 


( 31 ) 
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lS6a Bars Bent Up in Single Plane. — Where the web reinforcement conaiste of bars bent up in a single 
plane at an angle so as to reinforce all sections of the beam in which the shearing unit stress on the web 
conorcto exceeds 0.02/'a, the concrete may be assumed to take a shearing unit stress not greater than 
0.02/*$, and not greater than 40 lb. per sq. in.; the remainder of the shear shall be carried by the bent-up 
bars designed according to the formula: 


A$ 


_y* 

f$ sin a 


(32) 


In case the web reinforcement consists solely of bent bars, the first bent bar shall bend downward from 
the plane of the upper reinforcement at the plane of tlie cslgc of the support or between that plane 
and the center of the support. (For typical design, see Fig. 10.) 

18T. Combined Web Reinforcement. Where two or niorc types of Mob reinforcement arc used in 
conjunction, the total shearing resistance of the beam shall be taken as tlic sum of the shearing resistance 
us computed for the various types separately.! 

128. Maximum Shearing Unit Stress. — Where then; is no spccinl luechanicnl anchorage of the 
longitudinal reinforcement, the shearing unit stress shall not exceed 0 Oti/'e irrespective of the web 
relnforcenicnt used. 

129. Special Mechanical Anchorage. — Where special mechanical anchorage of the longitudinal 
reinforcement as pre.scribcd in Sec. 130 is provided, the shearing unit stress as roinpiitcd by formula 
(29) may be greater than O.OOA, but in no case shall it exceed 0.12/'*.* In this case the concrete may 
be assumed to take a shearing unit stress of not more than 0.02^/*$, but not more than 50 lb. per sq. in. 

130. ' Anchorage of Longitudinal Reinforcement. — Special mechanical anchorage of the longitudinal 
reinforcement for positive moment may consist of carrying the bars beyond the point of inflection of 
restrained or continuous members a sufficient distance to develop by bond between the point of inflection 
and the end of tho bar a tensile stress equal to one-thirrl the safe working stress in the reinforcement. 
If such a bar is straight, it shall extend to within 1 in. of the center of the support, or in the case of wide 
siipport.s shall extend not less tlian 12 in. beyond the face of the support. Kpccial mechanical anchorage 
may also be secured by bending the end of the bar over the stipport in a full Hcmieircle to a diameter 
not less than 8 times the diam<*t<*r of the bar, the total length of the bend being not less than 16 diameters 
of tho bar. Any other mechanical device that secures the end of the bar over the support against 
slipping without stressing the concrete in excess of 0..V'e iu local compression may he used, provulod 
such device docs not tend to split the concrete. Negative reinforcement shall be thoroughly anchored 
at or across tho support or shall extend into tho span a sufficient di.slunce to develop by bond the 
tensile strepes due to negative moment. In the cjiso of freely supported ends of continuous beams, 
special incohanical anchorage shall bo provided, which is capable of developing at the end of the span 
a tensile stress which is not less than one-third of the safe tensile stress of tho bar at tho point of 
maximum moment. (For illustrative design, sec Fig. 11.) 

131. Anchorage of Web Reinforcement. — Anchorage of the web reinforcement shall be by one of tho 
following methods: 

(а) Continuity of the web bar with tho longitudinal bur 

(б) Carrying the web bar around at least two sides of a longitudinal bar at both ends of tho web bar; 


or 

(c) Carrying tho web bar about at least two sides of a longitudinal bar at one end and making a semi- 
circular hook at the other end which has a diameter equal to that of the web bar. 

In all cases the bent ends of web bars shall extend at least 8 diameters below or above tho point of 
extreme height or depth of the web bar. In case the end anchorage of the web member is not in bearing 
on other reinforcement, tho anchorage shall be such as to etigugc an adf;qimtc amount of concrete to 
prevent tho bar from pulling off a portion of the concrete. In all cases tho stirrups shall be carried as 
close to the upper and lower surfaces as fireproofing requirements will permit. (For typical designs, 
see Figs. 8 and 12.) 

132. Size of Web Bars. — The size of web reinforcement bars which are neither a part of the longi- 
tudinal bars nor welded thereto, shall be such that not less than two-fifths of tho allowable tensile stress 
in tho bar may be developed by bond stresses in a length of bar equal to 0.4d.> The remainder of the 
tensile stress in the bar shall be provided for by adequate end anchorage as specified in Sec. 131. 

133. Breadth of Beams in Shear. — Shearing unit stress shall be computed on the full width of rec- 
tangular beams, on tho width of the stem of T-beams, and on tho thickness of the web in beams of I- 
scction. 

184. Shear in Beam-and-tile Construction. — The shearing stress in tile-and-conorete-beam eon- 
struction shall not exceed that in beams or slabs with similar reinforcement. The width of tho effective 

! In suoh computation tho shearing value of the concrete in the web shall be included once only. 

I The limit 0.12 /*$ is based on the ultimate bearing unit stress of 0.5/'$ at which beams reinforced 
with vertical stirrups fall due to diagonal compression in the webs. A higher value than 0.12/'t 
may be permitted in beams with inclined web reinfor<»ment, but it is not thought necessary to allow such 
higher limit to meet tho needs of design practice. 

• This condition is satisfied for plain round stirrups when the diameter of the bar does not exceed 
d 

50 ' 
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section for shear as governing diagonal tension shall be taken as the thickness of the concrete web plus 
one- half the thickness of the vertical webs of the tile. (For typical design, see Fig. 13.) 

136 . Spacing of Web Reinforcement. — The spacing, a, of web rcinfurcenicnt bars shall be measured 
perpendicular to their direction and in a plane parallel to the loiigitudiiiul axis of the beam. The 
spacing shall not exceed ^id in any case where web reinforcement is necessary. Where vertical stirrups 
arc used, orwlicre inclined web bars make an angle more tlian 60 deg. with the horizontal, the spacing 
shall not exceed When; the shearing unit stress exccjeds O.OC/'e, the spacing of the web reinforce- 

ment shall not exceed ^d in any case, nor for vertical stirrups or web reinforcement making an angle 
iiioro than GO deg. with the horizontal. The first shear reinforcement member shall cross the ncutrvl 
axis of the member at a distance from the face of the support, measured along the axis of the beam, not 
greater than nor greater than the spacing of web members as determined for a section taken at the 
edge of the support. Web members may be placed at any angle between 20 and 90 deg. with the longi- 
tudinal bars, provided that if iiidined they shall be inclined in such u manner us to resist the tensile 
stress in the w'cb. 

d. Flat Slabs 

136 . Shearing Stress. — The shearing unit stress shall not exceed the value of t in the foriniilu, 

t» - 0.02A (1 + r) (38) 

nor in any ease shall it exceed 0.03 Tt. 

The unit shearing stress shall bo computed on 

(a) A vertical section which has a depth in inches of J-s (h — IH) smd which lies at a distance in 
inches of ti — from the edge of the column capital; and 

(h) A vertical section which has a depth in inches of {ti — lYi) and which lies at a distance 
In inches of ts — from the edge of the dropped panel. 

In no cose shall r be less tlian 0.25. Where the shciiring stress on section (a) is being considered, r 
shall be taken as the proportional amount of reinforcement crossing the column capital: wlicrc the slicar- 
ing stress at section (6) is being considered, r shall be taken as the proportional amount of reinforcement 
crossing entirely over the dropped panel. (For typical flat slab and designation of principal design 
sections, see Figs. 14 and 15.) 

c. Footings 

137 . Shear and Diagonal Tension in Footings. — The shearing stress shall be computed by formula 
29. When so computed the stress on the critical section defined below, or on sections outside of the 
critical section, shall not exceed 0.02/^« for footings with straight reiiiforcenioiit bars, nor 0.03/'e for foot- 
ings in which the reinforcement bars are anchored at both cods by adequate hooks or otherwise as 
specified in Sec. 130. 

138 Critical Section for Soil Footings. — The critical section for diagonal tension in footings bearing 
directly on the soil shall be taken on a vertical section through the perimeter of the lower base of a 
frustum of a cone or pyramid which has a base angle of 45 deg. and has for its top the base of the column 
or pedestal and for its lower base the plane of the center of longitudinal reinforcement. 

139 . Critical Section for Pile Footings. — The critical section for diagonal tension in footings bearing 
oil piles shall be taken on a vertical section iit the inner edge of the first row of piles entirely outside a 
section miilway bctw'ecn the face of the column or pcilcstal and the section describerl in Sec. 188 for 
soil footings, but in no case outside of the section described in Sec. 1.38. The critical section for piles 
not grouped in rows shall be taken midw’uy between tho face of the column and the perimeter of the 
base of the frustum described in Sec. 138. 

E. Bond 


140 . Formula. — Bond between concrete and reinforcement bars In reinforced concrete beams and 
slabs shall be computed by the formula. 


V 

^ojd 


(34) 


141 . Working Stress. — Unless otherwise specified, the reinforcement shall be so proportioned that 
the bond stress between the metal and the concrete shall not exceed the following: 

(a) Plain bars, 

u « 0.04/'. (36) 


(b) Deformed bars, meeting the requirements of Section 23, 


tt - O.O.V'. (36) 

143 . Bond in Footings. — The bond stress on a section of a footing sliall be computed by formula (34.) 
Only the bars counted os eflcutivo in bending shall be considered in computing tho number of bars 
crossing a section. The bond stress computed in this manner on sections at the face of the column or 
outside the column shall not exceed the value specified in Sec. 141. Special investigation shall bo 
made of bond stresses in footings with stepped or sloping upper surface; maximum stresses may occur 
at sections near the edges of the footings. 

143 . Reinforcement in Two or More Directions. — The pormissiblo bond stress given by formulas (35) 
and (36) for footings and similar members where reinforcement is required in more than one direction 
shall be reduced os follows: 
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(o) For two-way reinforcement, 25 per cent. 

(6) For each additional direction, 10 per cent. 

Anchored Bars. The bond stresses for bars adequately anchored at both ends by hooks or 
otherwibc, as provided in Sec. 130, may be l^-i iinies tlie values specified in See. 141. Hooka in 
footiiiKS shall be elTcctively positioned to insure that they engage u mass of concrete above the piano of 
tho reinforcement. , 


F. Flat Slalis^ 


^ 145. Moments in Interior Panels. - The syiiibols used in forimihih (37) to (42) are defined in Sec. 107 

except as indicated in Secs. 145, 148 and 158. In flat slabs in Mliieh the ratio of reiiiforecment for 
negative moment in the column strip is not greater than 0.01, the numerical sum of tlio positive and 
negative moments in the direction of either side of the panel shall be taken ns not less than 


Mo 


“"■'('-sO' 


where Mo ** siiin of positive find negative bending nioments in either rectangular direction at tho 
principal design sections of a panel of a flat slab; 
c “ base diameter of the largest right circular cone, whicli lira entirely witliin the column 
(including tlie capital) whose vertex fiiiglo is 90 dt“g and whose base is l^-'i in. below the 
bottom of the slab or the bottom of the dropped panel (sec Fig. 14); 

I *= span length® of flat slab, center to center of columns in tlie rectangular dircetion in which 
moments arc consitlcred ; anti 

= total dead and live load uniformly distribiitetl over a single panel area. 

146. Principal Design Sections.-- The principal design sections for critical moments in flat slabs 
subjectf'd to uniform load sliall be taken as follow.s: 


(a) Negative moment in middle strip: extending in a rectangular direction from a point on the edge 
of panel ^ from column center a distance ^ toward the center of adjacent column on the same panel 


edge. 

(5) Negative moment in column atrip: extending in a rectangular direction along the edge of the 

panel from a point from the center of ft column to a point from the center of the same column 
4 2 


and thence one-quarter circumference about the column center to tlie adjacent edge of the panel. 


Table TIL — Moments to me Used is Derion op Flat Slams 


Strip 


Flat slabs without dropped 
jianels 


Flat slabs with dropped 
panels 



Negative 

Positive 

Ncgutiv'c 

Positivo 


Slamh with 2-way 

Hein forckment 



Column strip 

0.23;lf6 

0. 113/0 

O.25370 

0.103/0 

2 column strips 

0.4GMo 

0. 223/0 

O.aOMo 

O.203/0 

Middle strip 

O.lCMo 

0 1C3/0 

0. 153/0 

0. 153/0 


Slabs with 4- way 

Kkinfoucement 



Column strip . . . 

0. 253/0 

0.103/0 

0 27Mo 

0.095 3/0 

2 column strips. , 

0.503/0 

0.20^fo 

0. 543/0 

0.100 3/0 

Middle strip 

0.103/0 

O. 2 OM 0 

0.08 3/0 

0.1003/0 


1 The requirements for flat slabs in Secs. 145 to 102, inclusive, apply to tw'o-way and four-way 
systems of reinforcement. The Committee is not prepared at this time to submit requirements covering 
other types of flat slabs. 

> The column atrip and the middle strip to be used when considering moments in the direction of 
the dimension Tare located and dimensioned as shown in Fig. 15. Tho dimension Zi does nut always 
represent the short length of the panel. When moments in the direction of the shorter panel length 
are oonslderedt the dimensions I and Zi are to be interchanged and the strips corresponding to those 
shown in Fig. 15 but extending in tho direction of the shorter panel length are to be considered. 
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(e) PoHitive moment in middle strip: extending in a rectangular direction from the center of qno 
edge of a middle strip a distance ^ to the center of tho other edge of the same strip. 


(d) Positive moment in column strip: extending in a rectangular direction from the center of one 

edge of a column strip u distance - to the center of the other edge of the same strip. 

4 

147. Moments in Principal Design Sections. — The moments in the principal design sections shall 
be those given in Table III, except as followa: 

(a) Tho sum of the inaxiinuiii negative moments in the two column striiis may be greater or less than ' 
the values given in Table III, by not more than 0.03 Jl/o. 

(b) The maximum negative moment and the maximum positive moments in the middle strip and tho 
sum of the maximum positive moments in the tw’o column strips may each bo greater or less than the 
values given in Table III, by not more than 0.01 A/o. 

148. Thickness of Flat Slabs and Dropped Panels. — The total thickness,! h, of the dropped panel in 
inches, or of the slab if u dropped pam‘l is not used, shall be not less than: 


1.0382 


( 


1 - 1.44 



-I- 


VA 


(38)* 


whore R >» ratio of negative monicnt in the two column strips to Afo, and k/ uniformly distributed 
dead and live load per unit of area of floor. 

For slabs with dropped panels the total thickness! in inrlu's at points away from the dropped panel 
shall be not less than: 

<s = 0.021 Vw* 4- 1 (39) 

The slab thirkness ix or fs shall in no case be loss than . * fi floor slabs, and not less tlian for roof 

slabs. In determining minimum thickness by formulas (38) and (39), the value of I shall bo the panel 
length center to center of the columns, on long siile of panel, lx sh.nll be the pane*! lengtli on the short side 
of the panel, and 6i shall be the width or diameter of dropped panel in tin; direction of h except that in a 
slab without dropped panel h\ shall be O.rift. 

149. Minimum Dimensions of Dropped Panels. — The dropped panel shall have a length or diameter 
in each rectangular direction of not less than one-third the panel length in that direction, and a thickness 
not greater than 1.5t2. 

180. Wall and Other Irregular Panels. — In wall panels and other panels in which the slab is dis- 
continuous at the edge of the panel, tho ma.Yimum negative moment one panel length away from tho 
discontinuous edge and the maximum positive moment between shall be taken us follow's: 

(a) Column strip perpendicular to tho wall or discontinuous edge, 15 per cent greater than that given 
in Table III. 

(5) Middle strip peri>cndiculur to w'all or discontinuous edge, 30 per cent grt‘atcr than that given in 
Tabic III. 

In these strips the bars used for positive moments perpendicular (o the discontinuous edge shall 
extend to the exterior e<lge of the pantd at which the slab is discontinuous. 

151. Panels with Wall Beams. — In panels having a marginal b<‘um on one edge or on each of two 
adjacent edges, tho beam shall be designed to carry the load Hup<‘ritni>oscd directly upon it. If the beam 
has a depth greater than the thickness of the dropped panel into which it frames, the beam shall bo 
designed to carry, in addition to the load siipcrimpcMcd upon it, at least one-fourth of the distributcil 
load for which the adjacent panel or panels are designed, and each column strip adjacent to and parallel 
with the beam shall be designed to resist u moment at least onc-half as great as that specified in Table 
III for a column strip.* If the beam used has a depth loss than the thickness of the dropped panel into 
which it frames, each column strip adjacent to and parallel with tho boaiii shall be designed to resist tho 
moments spocified in Table III for a column strip. Where there are beams on two opposite edges of the 
panel, the slab and thd’bcam shall be designed as though all the load was curried to tho beam. 

158. Discontinuous Panels. — Tho negative moments on sections at and parallel to tho wall, or 
discontinuous edge of an interior panel, shall be determined by the conditions of restraint.* 

158. Flat Slabs on Bearing Walls. — Where there is a beam or a bearing wall on the center lino of 
columns in the interior portion of a continuous flat slab, the negative moment at the beam or wall lino 
in the middle stnp perpendicular to the beam or wall shall be taken as 30 per cent greater than tho 

! The thickness will bo in inches regardless of whether 2 and w* arc in feet and pounds per square 
foot or in inches and pounds per square inch. 

* The values of R used in this formula are the coefficients of Afo for negative moment in the column 
strip in Table III. 

* In wall columns, brackets are sometimes substituted for capitals or other changes are made In the 
design of the capital. Attention is directed to the necessity for taking into account the change in the 
value of c in the moment formula for such cases. 

* The committee is not pr^ared to make a more definite recommendation at this time. 
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moment Bpecified in Table 111 for a column strip. The column strip adjacent to and lying on either side 
of the beam or wall shall be designed to resist a moment at least one-half of that specified in Table III for 
a column strip. 

154. Point of Inflection. — The point of inflection in any line parallel to a panel edge in interior panels 
of symmetrical slabs without dropped panels shall be assumed to be at a distance from the center of the 
span equal to He of the distance between the two sections of critical negative moment at opposite ends 
of the line; for slabs having dropped panels, the coeflicient shall be 

155. Reinforcement. — The reinforcement bars which cross any scclion and which fulfill the require- 
ments given in Sec. 150 may be considered as efTective in resisting the moment at the section. The 
sectional area of a bar multiplied by the cosine of the angle between the direction of the axis of the bar 
and any other direction may be considered effective ns reinforccnient in that direction. 

156. Arrangement of Reinforcement. — The design shall include adequate provision for securing the 
reinforcement in jilacc so as to take not only the critical moments but the moments at intermediate 
sections. All bars in rcctnngulur or diagonal directions shall extend on each side of a section of critical 
moment, either positive or negative, to points at least 2 U diameters beyond the point of inflection as 
specified in Sec. 154. In addition to this provision, bars in diagonal directions used as nanforcenient 
for negative moment shall extend on each side of a line drawn through the column center at right angles 
to the direction of the band at least a distance of 0.35 of the panel length, and bars in diagonal directions 
used as reinforcement for positive moment shall extend on each sidr of a diagonal through the center 
of the panel at least a distance equal to 0.35 of the panel length; no splice by latiping shall be permitted at 
or near regions of maximum stress except as just described. At least two-thirds of all burs in each direc- 
tion shall be of such length and shall be so placed as to provide reinforccunent at two sections of critical 
negative moment and at the intermediate section of critical positive moment. Continuous bars sliall 
not all be bent up at the same point of their length, but the zone in which this bending occurs shall 
extend on each side of the assumed point of inflection, and shall cover a width of ul least ^15 of the panel 
length. Mere sagging of the bars shall nut be permitted. In four-way reinforcement the position of 
the bars in both <liagonal and rectangular directions may be considered in determining whether tlic width 
of zone of bending is siiflicient. 

157. Reinforcement at Construction Joints. — Sec See. 73. 

158. Tensile Stress in Reinforcement. — The following formula shall be used in computing the tensile 
stress /a in the reinforcement in flat slabs; the stress so computed shall not at any of the principal design 
sections exceed the values specified in Sec. 205: 


Ajd 


(40) 


where RMa => moment specified in Sec. 147 for two column strips or for one middle strip; and 

Ai — effective cross-sectional area of the reinforcement which crosses any of the principal 
design sections and which meets the requirements of »Sec. 156. 

159. Compressive Stress in Reinforcement. — The following formulas shall be u.sed in eornpiiting 
maximum compressive stress in the concrete in flat slabs; and the stress so eompiited shall not exceed 
0.4/'.; 

(a) Compression due to negative moment, RMo, in the tw'o column strips, 


fc 


3.5 RMo/ 
kjbid* \ 



(41) 


(5) Compression due to positive moment, RAfo, in the tw'o eoliiiiin strips or negative or positive 


moment in the middle strip, 


kjhd* 


(42) 


160. Shearing Stress. — See See. 130. 

161. Unusual Panels. — The moment cocflicicnts, moment distribution and slab thicknesses specified 
herein are for slabs which have three or more rows of panels in each direction, and in which the panels 
are approximately uniform in size. For structures having a width of one or two panels, and also for 
slabs having panels of markedly different sizes, an analysis shall be made of the moments developed in 
both slab and columns, and the values given herein modified accordingly. Blabs with paneled ceiling 
or with depressed paneling in the floor shall be considered ns coming under the requirements herein 
given. 

168. Bending Moments in Columns. — See Sec. 173. 


O. Reinforced Concrete Columns 

168. M miHitg DimensionB. — The provisions in the following sections for the carrying capacity of 
reinforced columns are based on the assumption of a short column. Where the unsupported length is 
greater than 40 times the least radius of gyration (40A), the oarrjring capacity of the column shall be 
determined by formula (48) for slender columns. Principal columns in buildings shall have a width of 
not less than 12 in. Posts that are- not continuous from story to story shall have a width of not leaa 
than 6 in. 
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164 . Unsupported Length. — The unsupported length of a column in flat-slab construction shall be 
taken as the clear distance between the under side of the capital and the top of the floor slab below. 
For beam-and-slub construction the unsupported length of a column shall be taken as the clear distance 
between the under side of the shallowest beam framing into it and the top of the floor slab below; where 
beams run in one direction only the clear distance between floor slabs shall be used. For columns 
supported laterally by struts or beams only, two struts shall be considered an adequate support, pro- 
vided the angle between the two planes formed by the axis of the eolumn with the axis of each strut is 
not less than 7o deg. nor more than 105 deg. The unsupported length for this eondition shall be, 
considered the clear distance between struts. When haunches arc used ut the junction of beams or 
struts with columns, the clear distance between supports may be considered us reduced by two-thirds 
of the dcptli of tlie haunch. 

166 . Safe Load on Spiral Columns. — The symbols used in formulas (43) to (50) are defined in Sec. 
107, except as indicated in Secs. 105, 107, 170, 172, ISO and 1S8. The safe axial load on columns 
reinforced with longitudinal bars and closely .spaced spirals enclosing a circular core shall be determined 
by the fullo\\ing formula: 

P - Aefc 1 nfepA (43) 

where 

A = area of the concrete core enclosed within the spiral; 

P « total safe axial load on column whose is less than 40; 

p = ratio of elToctivc area of longitudinal reinbircemcnt to area of tlie concrete core; and 

Ae = A(l — p) = net area of (ioneretc core. 

The allowable value of /« for use in this type of column shall be determined by tlie following formula: 

= 300 + (0.10 f 4p)/'e (44) 

The longitudinal reinforce.mcnt shall consist of at least six bars of minimum diameter of ^2 iu., and its 
effective erosa-seetional area shall not be less than 1 per cent nor Tnore than 5 per cent of that of the 
enclosed core. 

166 . Spiral Reinforcement. — The spiral reinforcement shall be not less in amount than one-fourth 
the volume of the longitudinal reinforcement. It shall consist of evenly spaced continuous spirals held 
firmly in place and true to line by at least three vertical spacer bars. The spacing of the spirals shall 
be not greater than one-sixth of the diameter of the core and in no ease more than 3 in. The lateral 
reinforcement shall meet the requirements of the Tciitativo Specifications for Cold-drawn Steel Wire 
for Concrete Reinforcement. Reinforcement shall be protected everywhere by u covering of concrete 
cast monolithic with the core, which shall have u minimum thickness of IH iu. in square columns and 2 
in. in round or octagonal columns. 

167 . Safe Load on Columns with Lateral Ties. — The safe axial load on columns reinforced with 
longitudinal bars and separate lateral ties shall be determined by the following formula: 

P = A'cfc + A,nf, (45) 

where A'e =* net area of concrete in the column (total column area ininus steel area); and Aa — effective 
cross-sectional urea of longitudinal reinforcement. 

The value of fe for this type of column shall not exceed 0.20/'e. The amount of longitudinal reinforce- 
ment considered in the calculations shall be not more than 2 per cent nor le.ss than 0.5 per cent of the 
total area of the column. The longitudinal reinforcement shall consist of not less than 4 bars of minimum 
diameter of ><2 in., placed with clear distance from the face of the column not less than 2 in. 

168 . Lateral Ties. — Lateral ties shall be not less than in. in diameter, spaced nut farther than 8 in. 
apart. 

169 . Bending Stress in Columns. — Reinforced concrete columns subjected to bending stresses 
shall be treated as follows: 

(o) Spiral Column. — The comprcHsivc unit 8tru.s8 on the concrete within the core area under combined 
axial load and bending shall not exceed by more than 20 per cent the value given for axial load by 
formula (40). 

(6) Columns with Lateral Ties. — Additional longitudinal reinforcement not to exceed 2 per cent shall 
be used if required and the compre.ssi ve unit stress on the concrete under combined axial load and bend- 
ing may be increased to 0.30 /'e. 

Tension due to bending in the longitudinal reinforcement shall not exceed 1G,000 lb. per sq. in. 

170 . Composite Columns. — The safe carrying capacity of compusite columns iu which a structural 
steel or cast-iron column is thoroughly encased in a spirally reinforcf‘d concrete core shall be based on a 
certain unit stress for the steel or cast-iron core plus a unit slrcss of 0.25/'« on the area within the spiral 
core. The unit compressive stress on the steel section shall bo determined by the formula: 

/, = 18,000 - 70 ^ (40) 

but shall not exceed 10,000 lb. per sq. in. The unit stress on the cast-iron section shall be determined 
by the formula: 


R 


St - 12,000 - 00 


( 47 ) 



APPENDIX F 


755 


but shall not exceed 10,000 lb. per sq. in. In formulas 016) and (47),/r = compressive unit stress in metal 
core, and jB least radius of gyration of the steel or cast-iron section. 

The diameter of the cast-iron section shall not exceed one-half of the diameter of the core within the 
spiral. The spiral reinforcement shall be not less than 0.5 per cent of the volume of the core within 
the spiral and shall conform in quality, spacing and other requirements to the provisions for spirals in 
reinforced concrete columns. Ample sections of concrete and continuity of reinforcement shall be 
provided at the junction with beams or girders. The area of the concrete between the spiral and the 
metal core shall be not less than that required to carry the total floor load of the story above on the 
basis of a stress in the concrete of 0.35 unless special brackets are arranged on the metal core to 
receive directly the beam or slab loads. 

171. Structural Steel Columns. — The safe load on a structural steel column of a section which fully 
encloses or encases an area of concrete, and which is protected by an outside shell of concrete at least 
3 in. thick, shall be computed in the same way as in the culiiiiins described in Sec. 170, allowing 
0.25 on the area of the concrete enclo.sed by the steel seetion. Tlic outside shell shall be reinforced 
by wire mesh or hoops weighing not less than 0.2 lb. per sq. ft. of surface of the core and with a maximum 
spacing of strands or hoops of 6 in. Spt'cial brackets shall be used to receive the entire floor load at 
each story. The working stress in steel columns shall be calculated by formula ( 16), but shall not exceed 
10,000 lb. per sq. in. 

178. Long Columns. — The permissible working unit stress on the core in axially loaded columns 
vihicli have a length greater than 40 times the least radius of gyration of the column core (lOB) shall be 
determined by the formula: 


r' 

P 


1.33 


h 

120 R 


(48) 


where P' = total .safe, axial load on long column; 

P =» total safe axial load on column of the .same section whose is less tlian U), determined as 
in Sec. 107; and 

R = least radius of gyration of column core. 

173. Bending Moments in Columns. — The bending moments in interior and exterior columns ahull 
be determined on tlio basis of loading conditions and end restraint, and shall bo provided for in the 
design.^ The recognized standanl methods shall be followed in caleuhiling the stresses due to combined 
axial load and bending. 


H, Footings 

174. Types. — Various typos of reinforced concrete footings are in use depending on conditions. The 
fundamental principles of the design of reinforced concrete will generally apply to footings as to other 
striietural members. The rcquiriMncnts for flexure and shear in Secs. 112 to Idih inclusive, shall 
govern the dc.sign of footings, except as hereinaftcT provided. 

175. Distribution of Pressure. — The upward reaction per unit of area on the footing shall be taken 
as the coliiniii load divided by the area of base of the footing. 

176. Pile Footing. — Footings carried on piles shall be treated in the same manner as those bearing 
directly on the soil, except that the reaction shall be considered as a series of concentrated loads applied 
at the pile centers. 

177. Sloped Footing. — Footings in which the depth lias been detorinincd by the requirements for 
shear as specifled in Sec. 137 may be sloped between the critical seetion and the edge of the footing, 
provided that the shear on no .section outside the critical seetion exceeds the value specified, and provided 
further that the thickness of the footing above the reinforcement at the edge shall not be less than 0 in. 
for footings on soil nor loss than 12 in. for footings on piles. 

178. Stepped Footing. — The top of the footing may be stepped instead of sloped, providctl that the 
steps are so placed that the footing will have at all sections a depth at least as great as that required for a 
sloping top. Stepped footings shall be cost monolithically. 

179. Critical Section for Bending. — In a concrete footing which supports a concrete column or 
pedestal, the critical section for bending shall be taken at the face of the column or pedestal. Where 
steel or cast-iron bases ore used, the moment in the footing shall be calculated at the e<lgc of the base and 
at the center. In calculating this moment, the column or pedestal load shall be assumed as uniformly 
distributed over its base. 

180. Square Column on Square Footing. — For a square footing supporting a conceiitrio square 
column, the bending moment at the critical section is that produced by the upward pressure on the 
trapezoid bounded by one face of the column, the corresponding outsido edge of the footing, and the 
portions of the two diagonals. The center of application of the reaction on the two corner triangles 
of this trapezoid shall be taken at a distance from the face of the column equal to 0.6 of the projection of 

1 The Committee is not prepared to make more definite recommendations at this time. 
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the footing. The center of the application of the reaction on the rectangular portion of the trapezoid 
shall bo taken at its center of gravity. This gives a bonding inoincnt expressed by the formula: 

M (a+1.2c)c» (49) 

where M » bending moment at critical section of footing; 
a = width of face of column or pedestal; 
c = projection of footing from face of column; and 

tv => upward reaction per unit of area of base of footing. • 

(For typical footing designs, sec Figs. 16 to IS.) 

181 . Round Column on Square Footing. — Square footings supporting a round or octagonal column 
shall be treated in tlip same manner as fur a square column, using for the distance a the side of a square 
having an area equal to the area (‘nclosud within tho perimeter of the column. 

188 . Reinforcement. — The reinforcement necessary to resist the bending moment in each direction 
in the footing shall be determined us for a reinforced concrete beam; the effective depth of the footing 
shall bo the depth from the top to the plane of the reinforcement. The required area of reinforce- 
ment thus calculated shall be spaced uniformly across the footing, unless tho footing width is greater 
than the side of tlic column or pedestal plus tw'ice the cfTcetive depth of tho footing, in which case the 
width over which the reinforcement is spread, may be increiised to include one-half tho remaining width 
of the footing. In order that no considerable area of the footing shall remain unrciiiforced, additional 
burs shall bo phiecd outside of the width speciQed, but such bars shall not bo considered as elTective 
in resisting the calculated bending moment. For the extra bars a spacing double that used for the 
reinforcement within the cfTective belt may be used. 

183 . Concrete Stress. — The extreme liber stress in compression in the eonereie shall be kept within 
the limits specified in Hoc. 108. Tho extreme fiber stress in sloped or stepped footings shall be based 
on the exact shape of the section for a w'idth not greater than that assumed effective for reinforcement. 

184 . Irregular Footings. — Rectangular or irregular-shaped footings shall be ealciilatcd by dividing 
the footings into rectangles or trapezoids tributary to the sides of the column, using the distance to the 
actual center of gravity of tlie area as the moment arm of the upward forces. OiitMtanding portions of 
combined footings shall bo treated in the same manner. Other portions of combined footings shall be 
designed as beams or slabs. 

186 . Shearing Stresses. — See Secs. 137 to 139. 

188 . Bond Stresses. — See Sees. 142 to 144. 

187 . Transfer of Stress from Column Reinforcement. — The compressive stress in longitudinal rein- 
forcement in columns or pedestals shall bo transferred to the footing by one of the following methods: 

(а) By metal distributing bases liaving a sufficient area and thickness to transmit safely tho load 
from the longitudinal reinforcement in compression and bending. The bases shall be accurately set 
and provided with a full bearing on the footing. 

(б) By dowels, at least one for each bar and of total sectional area not less than the area of the longi- 
tudinal column reinforcement. The dowels shall pruj<;ct into the columns or into the pedestal or footing 
a distance not less than 50 times the diameter of the column bars. 

188 . Pedestals without Reinforcement. — The allowable compressive unit stress on the gross area of a 
concentrically loaded pedestal witliout reinforcement shall not exceed 0.25/'e. If tho column resting 
on such a pedestal is provided with distributing bases for the longitudinal reinforcement, the permissible 
compressive unit stress under the column core shall be determined by the following formula: 



where ra ** permissible working stress over tlic loaded area; 

A ■> total net area of the top of pedestal ; and 
A' » loaded area of pedestal. 

189 * Pedestals with Reinforcement. — Wlicre the permissible load at the top of a pedestal, deter- 
mined by formula (50), is less than the column load to be supported, dowels shall be used as specified in 
Sec. 187. If the height of the pedestal is not sufficient to give the required embedment to the dowels, 
they shall extend into the footing to a point 50 diameters below tho top of the pedestal for plain bars and 
40 diameters for deformed bars. If the column load divided by the cross-section of the pedestal exceeds 
0.25/'« the pedestal' shall be considered as a section of a column and spiral reinforcement shall be pro- 
vided accordingly. 

190 . Permissible Load at Top of Footings. — Where distributing bases are used for transferring the 
stress from column reinforcement directly to the footing, tho permissible oomprossive unit stress shall be 
determined by formula (50). This formula may be applied by using A os the area of the top horizontal 
surface of the footing or with the following modifications: 

(a) In footings with sloping or stepped top in which a plane, drawn from the edge of the base of the 
column so that it makes the greatest possible angle with the vertical but remains entirely within the 
footing, has a slope with tho horizontal not greater than 0.5, the total bearing area of the footing may be 
used for A. 
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(6) In footings in which the slope of the plane referred to is greater than 0.5 but not greater than 2.0, 
the permissible compressive unit stress at the top shall be determined by direct proportion, in terms of 
the slope, between the value found for a slope of 0.5 and the value of 0.25/'« for a slope of 2.0. For a 
slope of 2.0 or greater the compressive unit stress at the top shall not exceed 0.25/^. (For typical footing 
designs, see Figs. 16 and 18.) 

191 . Pedestal Footings. — Pedestal footings may be designed as pedestals, that is, without reinforce- 
ment other than that rcQuired to transmit the column load, except that when supported directly on 
driven piles, a mat of reinforcing bars consisting of not less than 0 20 sq. in. per foot of width in each 
.direction shall bo placed 3 in. above the top of the piles. The height of a pedestal footing shall be not 
greater than 4 times the average width. 

J. Reinforced Concrete Hetaininu Walla 

192 . Types of Retaining Walls. — Reinforced concrete retaining walls may be of the following types. 

(o) Cantilever; 

(6) Couiiterfortcd; 

(c) Buttressed; 
id) Cellular. 

199 . Loads and Unit Stresses. — Reinforced roiiorele retaining walls shall be designed > for the loads 
and reactions, and shall be so proportioned that the permissible unit stresses specified in Secs. 100 
to 208 are not exceeded. The heels of cantilever, counterforted and buttressed retaining walla shall be 
proportioned for the maximum resultant vertieal loads to which they will be subjected, but the sections 
ahall be such that the normal permissible unit stresses will not be increased by more than 50 per cent 
when the reaction from the foundation bed is neglected. 

194 . Details of Design. — The following principles shall be followed in the design of reinforced 
concrete retaining walls: 

(а) The unsupported toe and heel of the base slabs shall be considered as cantilever beams fixed at the 
edge of the support. 

(б) The vertical section of a cantilever wall shall be considered as a cantilever beam fixed at the top 
of the base. 

(c) The vertical sections of counterforted and buttressed walls and parts of base slabs supported by 
the counterforts or but(res.ses shall be designed in accordance with the requirements specified herein 
for the continuous slab. 

(d) The exposed faces of walls without buttresses shall preferably be given a batter of not less than 
>4 in. in 12 in. 

(e) Counterforts shall be designed in accordance with the reriuircments specified for T-bcams. 
Stirrups shall be provided in the counterforts to take the reaction from these spans when the tension 
Tt'inforccmcnt of the face walls and heels of bases is dt^igned to spun between the counterforls. 8tirrups 
shall be anchored as near the exposed faces of the face walls, and as near the lowi'r face of the buses, as 
practicable. 

(/) Buttresses shall be designed in accordance with the requirements specified for rectangular beams. 

(ff) The shearing stress at the junction of the base with counterforts or buttresses shall not exceed 
the values specified in Secs. 120 to 135. 

(A) Horizontal metal reinforcement shall be well distributed and of siieh form as to develop a high 
bond resistance. At least 0.25 sq. in. of horizontal metal rcinforocnient for each foot of height shall be 
provided near exposed surfaces not otherwise reinforced, to resist the formation of temperature and 
shrinkage cracks. 

(i) Provision for temperature changes shall be made by grooved lock joints spaced not over 60 ft. 
apart. 

O') Counterforts and buttresses, where used, shall be located under all points of concentrated loading, 
and at intermediate points spaced 8 to 12 ft. apart. 

(k) The walls shall be cast monolithically between expansion joints, unless construction joints made 
in accordance with Secs. 69 and 73 arc provided. 

199 . Drains. — Drains or *‘wcop holes’' not less than 4 in. in diameter and not more than 10 ft. 
apart, shall bo provided. In counterforted walls there shall bo at least one drain for each pocket formed 
by the counterforts. 

/. Floor Slabs Supported on Four Sidea.^ 

K, Shrinkags and Temperature Stresses.* 

> In proportioning retaining walls consideration shall be given to the following: 

(a) Maximum bearing pressure of soil; 

(b) Uniformity of distribution of foundation pressure on yielding soils; 

(e) Stability against sliding; 

(d) Minor increase of the horizontal forces may seriously affect (a) and (b). 

* The Committee is not now ready to report on these subjects. 
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L, Summary of Working Stresaea, 

196. Notation. — f'e — iiliiinatc compressive strength of concrete at age of 28 days, based on tests of 
6 by 12 'in. or 8 by iC-in. cylinders made and tested in accordance with the Standard Methods of 
Making and Storing Sperimens of Concrete in the Field and the Tentative Methods of Making Com* 
pression Teats of Concrete. 

a. Maximum Direct Stresaea in Concrete 

197. Direct Compression. 

(a) Columns whose length docs not exceed 40 Ri 

(1) With spirals varies with amount of longitudinal rcinforccmeul; 

(2) AVithout spirals 0.20/'fl 

(6) Long columns sec Sec. 172 

(c) Piers and Pedestals: 

(1) Without roinforcomcnt 0 

(2) Special cases sec See. 188 

198. Compression in Extreme Fiber. 

(o) Extreme fiber stresis in flexure O.-lO/'c 

(b) Extreme fiber stress adjacent to .supports of conlinuoiis beams 0.4Ij/*e 

199. Bearing Compression. — Anchorage of reinforcement 0 50/'* 

200. Tension. — All concrete members none 

b. Maximum Shearing Stresses in Concrete 

201. Beams without Web Reinforcement. 

(a) Longitudinal bars anchored 0 03/'* 

(5) Longitudinal bars not anchored 0.02/'* 

202. Beams with Reinforcement. 

(o) Beams with stirrups see Secs. 125an<l 128 

(fe) Beams with bars bent up in several planes see Sec. 125 

(c) Beams with bars bent up in a single plane: 

(1) Longitudinal bars anchored 0.12/'* 

(2) liongitudinal bars not anchored 0 00/'* 

203. Flat Slabs. 

(o) Shear at distance d from capital or droppeil panel 0.03/'* 

(b) Other limiting cases in flat slabs sec bee. 130 

204. Footings. 

(a) Longitudinal bars anchored 0.03/' 

(b) Longitudinal burs not anchored 0.02/' 

c. Maximum Stresses in Reinforcement 

206. Tension in Steel. 

(o) Billet-steel bars: 

(1) Structural steel grade 16,000 lb. per sq in. 

(2) Intermediate grade 18,000 lb. per sq. in. 

(3) Hard grade 18,000 lb. per sq. in. 

(b) Rail-steel bars 10,000 lb. per sq. in. 

(c) Structural steel 16,000 lb. per sq. in. 

(d) Cold-drawn steel wire: 

(1) Spirals . . .stress not calculated 

(2) Elsewhere 18,000 lb. per sq. in. 

206. Compression in Steel. 

(o) Bars same as Sec. 205 (o) and (b) 

(b) Structural steel core of compu.site column 18,000 lb. per sq. in., 

reduced for slenderness ratio 

(c) Structural steel column 16,000 lb. per sq. in., 

reduced for slenderness ratio 

207. Compression in Cast Iron. 

Composite columns with spiriils 10,000 lb. per sq. in. 

d. Maximum Bond between Cortcrete and Steel 

208. Bond. 

(a) Beams and slabs, plain bars 0.04/'* 

(b) Beams and slabs, deformed bars 0.05/'« 

(r) Footings, plain bars, one-way 0.04f'e 

id) Footings, deformed bars, one-way 0.05/'« 

(s) Footings, two-way reinforcement (c) or (d) reduced by 25 per cent 

if) Footings, each additional direction of reinforcement. . . .(c) or (d) reduced by 10 per cent. 
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Table IV. — Proportions* for Concuktb op Given Comphbhhive Strength at 28 Days 

The tabic gives the proportions in wliich Portland ccinent tind a wide range in sizes of fine and coarse 
aggregates should be mixed to obtain concrete of coiiiprossive strengths ranging from 1,500 to 3,0001b. 
per sq. in. at 28 days. Proportions are given for concrete of four ditTcrent consistencies. 

The purpose of the table is twofold: 

(1) To furnish a guide in the selection of mixtures to be. use.d in preliminary investigations of the 
strength of concrete from given materials. 

^ (2) To indicate proportions which may be expected to produce concrete of a given strength under 

average conditions where control tests are not made. 

If the proportions to be used in the work are selected from the table without preliminary tests of the 
materials, and control tests are not made during the progress of the work, the mixtures in bold-face type 
shall be used. 

The use of this table as a guide in the selection of concrete mixtures is based on the following: 

(1) Concrete shall be plastic; 

(2) Aggregates shall be clean and structurally sound; 

(3) Aggregates shall be graded between the sizes indicated; 

(4) Cement shall conform to the requirements of the Stamlard Speeifieations and Tests for Portland 
Cement (Serial Designation: C 9-21) of the American Society for Testing Materials. 

The plasticity of the concrete shall be determined by the slump test curried out in accordance with 
the Tentative Specifications for Workability of Concrete for Concrete Pavements (Serial Designation: 
D 02-20 T) of the American Society for Testing Materials. 

Apply the following rules in determining the size assigned to a given aggregate: 

(1) Not less than 15 per cent shall be retained between the sieve whieli ii» considered the inaxinium 
Bize> and tho next smaller sieve. 

(2) Not more than 15 per cent of a coarse aggregate shall be finer than the sieve considered us 
the minimum size.* 

(3) Only the sieve sizes given in the table shall be consider! d in applying rules (1) and (2). 

(4) Sieve analysis shall be madi* in accordance with llic Tentative Metlioii of Test for Sieve Analysis 
of Aggregates for Concrete (Serial Designation: C 11-21 T) of the American Society for Testing 
Materials. 

Proportions may be interpolated for concrete strengths, aggregate sizes and consistencies not 
covered by the table or determined by test. 

* Based on the 28-day compre.sRive strengths <if fi by 12-iii cylinders, iiuule and storcfl in accordance 
with the Tentative Methods of Making Compres.Mion Tc'sts of Concrete (Serial Designation; C 39-21 T) 
of the American Society for Testing Maleriuls. 

* For c.\aniple; a graded sand W'ith 16 per cent retained on the No. 8 sieve wmiild fall in the 0~No. 4 
size; if 14 per cent or less wore retained, tho sand would fall in the 0--No. 8 size. A coarse aggregate 
having 16 per cent coarser than 2-in. sieve would be considered as 3-in. aggregate. 
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Table IV. — PnoroimoNS Foit 1,500 Lb. Pkb *Sq. In. Concrete. — {ContinuBd) 

Proportions ar© expressed by volume as follow.s: Portland Cement: Fin© Aggregate: Coarse 
Aggregate. 

Thus 1 : 2.6 : 4.6 indicates 1 part by vulumo of Portland cement, 2.6 parts by volume of fine aggre- 
gate and 4.6 parts by volume of coarse nggrcg.Htc. 


Si 20 of coarse 
aggregate 

Slump, 

in. 

0-No. 28 

Size of fine aggregate 
[ 0-No. 14 1 0-No. 8 1 0-No. 4 

1 0-H in. 

f 

H to 1 

1:2.8 

1:3.2 

1:3.8 

1:4.4 

1:5.1 

None 1 

3 to 4 

1:2.4 

1:2.8 

1:3.3 

1:3.8 

1:4.5 

) 

0 to 7 

1:1.9 

1:9.9 

1:9.6 

1 :3.0 

1:3.6 

1 

8 to H 

) 1:1.4 

1:1.6 

1:1.8 

1:2.1 

1:2.5 

f 

>.i to 1 

1: 2.6:4. 6 

1:2.0.4 3 

l:3.t:4.1 

1:3.9. 3.6 

1:4.6:3.1 

No. 4 to in . J 

3 to 1 

1:2.3: 4 0 

1:2.6:3 8 

1:2.9: 3.6 

1:3.4:. 3.2 

1:4.1 :2.8 


6 to 7 

1 :1.8 :8.4 

1 :9.0 :3.9 

1 :2.3 :3.1 

1 :9.6 :8.8 

1 :8.1 :9.8 

i 

8 to 1(] 

1 1:1.1: 2.5 

1:1.3:2.4 

1:1.5:2.4 

1:1.7:2.2 

1:2.1: 2.0 

{ 

>2 to 1 

1:2.4:5 3 

1:2.7: 5.2 

1:3.1:. 5.0 

1:3.5:4.7 

1:4.3: 4.3 

No. 4 to 1 ill J 

j 3 to 4 

1:2 1:4.7 

l:2.1:i.5 

1:2.7: 4.4 

1:3.1:41 

1:3.7: 3.7 


,6 to 7 

1 :1.6 :S.9 

1 :1.8 :3.8 

1 :2.1 :3.7 

1 :2.4 :3.5 

1 :9.9 :3.3 

1 

8 to 10 

1 

1 1:1. 1:2.9 

1:1.2:2.8 

1:1.4:28 

1:1.6:2.7 

1:1.9:2.5 

f 

1 

> >a to 1 

1:2 4:6.0 

1:2.7:. 5.0 

QC 

1:3.5:. 5.4 

1:4.1: 5.1 

No. 4 to l>a in J 

; 3 to 4 

1:2.0:5 4 

1:2.3: 5 3 

1:2 7:5.2 

1:3.0: 5.0 

1:3..5:4.0 


6 to 7 

1 :1.6 :4.4 

1 :1.8 ;4.3 

1 :9.0 :4.3 

1 :8.3 :4.1 

1 :2.7 :S.9 

1 

' 8 to 10 

1 

1:1 0:3 3 

1:1. 1:3 2 

1:1. 3: 3.2 

1:1.5:3.1 

1:1.8: 2.9 

r 

: >.i to 1 

1:2.2: 6.9 

1:2.4:6 8 

1:2.8:6 8 

1.3.1;6.6 

1:3 7:6.4 

No. 4 to 2 in j 

i 3 to 4 

1:1 8:6.2 

1:2.0: 6 1 

1:2.1:6.1 

1:2.7: 6.0 

1:3.1:5.7 


1 6 to 7 

1 :1.4 :5.1 

1 :1.8 :6.0 

1 :1.8 :6.0 

1 :9.0 :6.0 

1:9.4 :4.8 

1 

8 to 10 

1:0.9:3.8 

1:1.0:3.8 

1:1. 1:3.8 

1:1.3:3.8 

1:1.5:3.7 

( 

! H to 1 

1:2.8: 5.2 

1:3.1:5.1 

1:3.6:4.8 

1:4.2:4.C 

1:4.8:4.1 

to 1 ill J 

j 3 to 4 

1:2,4: 4.5 

1:2.6: 4.5 

1:3.1:4.3 

1:3.6:4.0 

l:4.1-3.6 


0 to 7 1 

1 :1.9 :S.9 

1 :9.1 :3.7 

1 :9.4 :8.6 

1 :8.8 :8.4 

1:3.2 :3.1 

1 

Is to 10 

j 

1:1.3:2.8 

1;1.4:2.8 

1:1.6:2.7 

1:1.9:2.0 

1:2.2:2.4 


H to 1 

1:2.8: 5.8 

1 

1:3.1: 6.7 

1:3.5: 5.5 

1:4.1: 5.3 

1:4.7: 4.9 

H to 1>3 in 

3 to 4 

1:2.4:. 5.2 

1:2.7: 5.1 

1:3. 1:5.0 

1:3.5: 4.8 

1:4.1:4.4 


6 to 7 

1:1.9 :4.S 

1:9.1 :4.9 

1:2.4:4.2 

1:9.7 :4.0 

1:3.1 :8.7 

1 

8 to 10 

1 

1:1,2:3.2 

1:1.4; 3.2 

1:1.6:3.1 

1:1.8:3.0 

1:2.1:2.9 

f 

H to 1 

1:2.7: 6.6 

1:30:6.6 

1:3.4:0.5 

1:3.0: 6.4 

1:4.4: 6.0 

to 2 in J 

3 to 4 

1:2.3:. 5.9 

1:2.6: 5.9 

1:2.9:5.8 

1:3.3:5.6 

1:3.7:6.5 


0 to 7 

1 .1.8 :4.9 

1 :9.0 :4.8 

1:9.2 :4.8 

1:9.6 :4.8 

1:3.0 :4.S 

1 

8 to 10 

1:1.2:3.7 

1:1.3:3.7 

1:1.5:3.7 

1:1.7:3.0 

1:1.0:3.5 


' to 1 

1:3.2: 5.4 

1:3.6:5.3 

1:4.1:5.1 

1:4.7:4.8 

1:5.3: 4.4 

^4 to in 

3 to 4 

1:2.8:4.8 

1:3.2:48 

1:3.6:4.6 

1:4.0: 4.4 

1:4.6:4.0 


6 to 7 

1 :8.1 :4.0 

1:9.8 :4.0 

1:9.8 :8.9 

1 :3.9 :S.7 

1:8.6 :S.4 


8 to 10 

1:1.5:3.0 

1:1.7:3.0 

1:1.0;2.0 

1:2.2:2.8 

1:2.5:2.7 

f 

H to 1 

1:3.2: 6.2 

1:3.6:6.I 

1:4.0:6.0 

1:4.6:5.8 

1:5.2:5.4 

^ to 2 in j 

3 to 4 

1:2.8: 5.6 

1:3.1: 5.5 

1:3.5:5.4 

1:3,0: 5.2 

1:4.6:4.0 


6 to 7 

1:9.1 :4.6 

1:9.4 :4.6 

1:9.7 :4.6 

1 :8.1 :4.4 

1:3.8 :4.1 

1 

8 to 10 

1:1.4:3.4 

l:l.d:3.4 

1:1.8:3.4 

1:2.1: 3.4 

1:2.4:3.3 


to 1 

1:3.2:7.1 

1:3.6:7.1 

1:4.0:7.0 

1:4.6:6.9 

1:6.2:6.6 

to 3 in 

3 to 4 

1:2.7: 6.3 

1:3.0:6.3 

1:3.4:6.3 

1:4.0:6.2 

1:4.5:5.9 


6 to 7 

1:9.1 :8.1 

1:9.4:5.9 

1:2.7 :6.9 

1 :8.1 :6.1 

1:8.8 :4.0 


8 to 10 

1:1.4:38 

1:1.6:3.9 

1:1.8:3.0 

1:2.1:3.0 

1:2.4:3.8 
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Tablb IV. — Proportions for 2.000 Lb. per Sq. In. Concrete. — {Continued) 

Proportions are ozprossod by volume as follows: Portland Cement: Fine Aggregate: Coarse 
Aggregate. 

Thus 1:2.6:4.6 indieatea 1 part by volume of Portland cement, 2.0 parts by volume of One aggregate 
and 4.0 parts by volume of coarse aggr egate. 


Sise of coarse 
aggregate 


None. 


No 4 to ^ in 


No. 4 to 1 in 


No. 4 to in . . . 


No. 4 to 2 in . 


to 1 in 


^ to in 


to 2 in . 


to in. 


to 2 in. 


ye to 3 in. 


I Size of fine aggregate 

Slump, I 



0-No. 28 

1 0-No. 14 

1 0-No. 8 

1 0-No. 4 

1 in. 

H to 1 

1:2.2 

1:2.6 

1:3.0 

1:3.5 

1:4.1 

3 to 4 

i:i.g 

1:2.2 

1:2.6 

1:3.0 

1:3.5 

6 to 7 

1 : 1.8 

1 : 1.7 

1 : 8.0 

1 : 8.3 

1 : 8.7 

8 to 10 

1 : 1.0 

1 : 1.1 

1 : 1.8 

1:1.6 

1:1.8 

yi to 1 

1:2.1:38 

1:2.3: 3.7 

1:2.G:3.5 

1:3.0:3.1 

1:3.0: 2.8 

3 to 4 

1:1.7:3.3 

1:1.9: 3.2 

1:2.2:3.1 

1:2.0: 2.8 

1:3.0: 2.4 

G to 7 

1 : 1.3 : 2.7 

1 : 1.4 : a .6 

1 : 1.7 : a .5 

1 : 1.9 : 8.3 

1 : 8.3 : 8.1 

8 to 10 

1:0.8: 1.0 

1:0.9: 1.9 

1:1.0:1.8 

1:1.2:1.7 

1:1.5: 1.0 

to 1 

1:1.0: 4.5 

1:2.2:4.3 

1:2.5:4.2 

1:2.8:. 3.9 

1:34:3 6 

3 to 4 

1:1.0:3.9 

1:1.8:3.8 

1:2.1:3.7 

1:2 4:3 5 

1:2.8:3.2 

0 to 7 

1 : 1 . 2 : 8.1 

1 : 1.3 : 3.1 

1 : 1 . 6 : 8.0 

1 : 1 . 8 : 8.9 

1 : 8 . 1 : 8.7 

8 to 10 

1:0.7:2.2 

1:0.8:2.2 

1:1.0:2.3 

1:1. 1:2 1 

1:1.3:2.0 

to 1 

1:1.0:5.0 

l:2.l:4.9 

1:2.4:4.9 

1:2.7:4.0 

1:3.2:4 4 

3 to 4 

1:1.G:4.4 

1:1 7:4.3 

1:2.0:4.2 

1:2.1:4.0 

1:2.7: 3.8 

0 to 7 

1 : 1 . 1 : 8.5 

1 : 1 . 3 : 3.6 

1 : 1 . 4 : 8.0 

1 : 1 . 7 : 3.4 

1 : 8 . 0 : 8.8 

8 to 10 

1:0.7:2.5 

1:0.8: 2.5 

1:0.9:2.5 

1:1.0:2.4 

1:1.2:2.3 

y^ to 1 

1;1.7:5.8 

1:1.9: 5.7 

1:2.1: 5.8 

1:2.4:5.G 

1:2.8:5.5 

3 to 4 

1:1.4:5.0 

1:1.5:5.0 

1:1.8:5.0 

1:20:4.9 

1:2.3:4.7 

0 to 7 

1 : 1 . 0 : 4.1 

1 : 1 . 1 : 4.1 

1 : 1 . 8 : 4.1 

1 : 1 . 4 : 4.1 

1 : 1 . 7 : 8.9 

8 to 10 

1:0.G:2.9 

1:0.7: 2.9 

1:0.7: 3.0 

1:0.8:2.9 

1:1.0:2.9 

H to 1 

1:2.2: 4.4 

1:2.5: 4. 2 

1:2.8:4.1 

1:33:3.8 

1:3.8: 3.4 

3 to 4 

1:1.9:38 

1:2.1:3.7 

1:2.4: 3 G 

1:2.8:3.4 

1:3.2:3.1 

G to 7 

1 ; 1 . 4 : 3.1 

1 : 1 . 0 : 3.0 

1 ; l.a : 3.0 

1 ; 8.1 ; 8.8 

1 : 8 . 4 : 8.5 

8 to 10 

1:0.0: 2.2 

1:1.0: 2.2 

1:1. 1:2.2 

1;1.3:2.0 

1:1.5:1.0 

Vi to 1 

1:2.2: 4.9 

1:2.5:4.8 

1:2.8: 4.7 

1;3.2:4.0 

1:3.7;4.2 

3 to 4 

1:1.9:4.3 

l:2.l:4.2 

1:24:4.1 

1:2.7:4.0 

1:3.1:3.7 

G to 7 

1 : 1 . 4 : 8.5 

1 ; 1 . 6 : 3.4 

1 : 1 . 7 : 8.4 

1 : 8.0 : 3.3 

1 : 8.3 : 3.1 

8 to 10. 

1:0.9: 2.5 

1:1.0:2.5 

1:1. 1:2.1 

1:1.3:2.4 

1:1.5:2.3 

M to 1 

1;2.1:5.G 

1:2.3:5.5 

1:2.0: 5.5 

1:3.0: 5.4 

1:3.5:5.1 

3 to 4 

1:1.7:4.8 

1:2.0:4.8 

1:2.2: 4.8 

1:2.5:4.7 

1:2.9: 4.4 

G to 7 

1 : 1 . 3 : 4.0 

1 : 1 . 4 : 3.9 

1 : 1 . 6 : 3.9 

1 : 1 . 8 : 3.9 

1 : 8.1 : S .8 

8 to 10 

1:0.8: 2.9 

1:0.9:2.9 

1:1.0:2.9 

1:1.2:2.0 

1:1.3:2.8 

H to 1 

1:2.G:4 5 

1:2.9:4.5 

1:3.3: 4.4 

1:3.8:4.2 

1:4.3:3.9 

3 to 4 

1:2.2: 3.0 

1:2.5: 3.9 

1:28:3.8 

1:3.2:3.6 

1:3.6:3.3 

G to 7 

1 : 1 . 6 : 3 .S 

1 : 1 . 8 : 8.8 

1 : 8 . 1 : 3.1 

1 : 8 . 4 : 8.0 

1 : 8 . 7 : 8.8 

8 to 10 

1:1.0:2.3 

1:1.2:2.3 

1:1.4:2.2 

1:1.6:2.2 

1:1.8;2.1 

H to 1 

1:2.5:5.2 

1:2.8:5.2 

1:3.2:5.1 

1:3.6: 5.0 

1:4.1;4.7 

3 to 4 

1:2.1:4.5 

1:2.4:4.5 

1:2.7:4.4 

1:3.1:4.3 

1:3.5:4.0 

6 to 7 

1 : 1.6 : S .7 

1 : 1.8 : S .7 

1 : 8 . 0 : 8.7 

1 : 8 . 8 : 8.6 

1 : 8 . 6 : 8.6 

8 to 10| 

1:1.0:2.0 

1:1.1:2.7 

1:1.3:2.0 

1:1.5:2.7 

1:1.7:2.0 

H tol 

1:2.5:6.0 

1:2.9:5.9 

1:3.2:5.0 

1:3.6:5.8 

1:4.1:5.6 

3 to 4 

1:2.1:5.1 

1:2.4:5.2 

1:2.7: 6.2 

1:3.1:6.1 

1:3.6:4.9 

6 to 7 

1 : 1 . 6 : 4.1 

1 : 1 . 7 : 4 .a 

1 : 8 . 0 : 4.8 

1 : 8 . 3 : 4.8 

1 : 1 . 6 : 4.0 

8 to 10 

1:1.0:2.0 

1:1.1:3.0 

1:1.3:3.0 

1:1.6:3.0 

1:1.7:3.0 
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Tablb IV. — Proportions for 2,500 Lb. per Sq. In. Concrete. — {Continued) 

Proportions are expressed by volume as follows: Portland Cement: Fine Aggregate: Coarse 
Aggregate. 

Thus 1 : 2.6: 4.6 indicates 1 part by volume of Portland f^ement, 2.0 parts by volume of fine 
ftSKrcgatc and 4.6 parts by volume of coarse aggrogat.*. 


Size of coarse 

Slump, 


8izo of fine aggregate 


aggregate 

ill. 

0-No. 28 

1 

1 0-No. 11 

i O-No. 8 

0-No. 4 

1 0-96 in. 


K to 1 

1:1 8 

1:2 1 

1:2.4 

1:2.9 

1:3.3 

None . . . 

3 to 4 

1: 1.5 

1:18 

1:2.1 

1:2.4 

1:2.8 


G to 7 

1 : 1.1 

1 : 1.3 

1 : 1.6 

1 : 1.8 

1 : 8.1 


8 to 10 

1:0.7 

1:0.8 

1:0.9 

1:1.1 

1:1.3 


H to 1 

1:1. 6:3.2 

l:1.8:3.1 

1:2. 1:3.0 

1:2.4: 2.7 

1:2.9; 2.4 

No. 4 to 9^ in. . . . 

3 to 4 

1:1.3:2.8 

J.l 5:2.7 

1:1.7:2.0 

1:2.0: 2.4 

1:2.4: 2.2 


G to 7 

1 : 1 . 0 : 2.2 

1 : 1 . 1 : 2.2 

1 : 1.3 : 2.1 

1 : 1.6 : 2.0 

1 : 1.8 : 1.8 


8 to 10 

1:0.5: 1.4 

1:0 0:1.4 

1:0.7: 1.4 

1:0.8:1.1 

1:1.0:1.3 


« lol 

1: 1.5:3 7 

1:1.7:3.7 

1:2.0: 3.5 

1 : 2.2: 3.4 

1:2.7:3.1 

No. 4 to 1 in 

.3 to 4 

1:1. 2: 3.3 

1:1 4:3.2 

1:1.0:3 1 

1:1.0:3.0 

1:2.2: 2.7 


G to 7 

1 : 0.9 : 2.6 

1 : 1 . 0 : 2.6 

1 : 1 . 1 : 2.6 

1 : 1.3 : 2.4 

1 : 1.6 . 8.3 


8 to 10 

1:0 5:1.7 

1:0.G:1 7 

1:0.G:1.7 

1:0.7:1.G 

1:0.9: 1.5 


M to 1 

1:1.4:4.2 

1:1.C:4.1 

1:10: 1.1 

1:2 2:4 0 

1:2.5: 3.8 

No. 4 to in 

1) to 4 

1:1. 2:. 3.7 

1:1.3:3 G 

1:1 5:3 0 

1: 1.8:3 5 

1:2.1: 3.3 


G to 7 

1 : 0.9 : 2.9 

1 : 0.9 : 2.6 

1 : 1.1 : 2.8 

1 : 1 . 3 : 2.8 

1 : t . 0 : 8.6 


8 to 10, 

1:0.5: 1.9 

1:0 5:1.9 

1:0.0: 1.9 

1:0 7:1.8 

1:0.8:1.8 


i to 1 

1:1.3:4.9 

1: 1.4: 4 8 

1:1.G:4 9 

1:1. 9:4.8 

1:2.2:4.7 

No. 4 to 2 in . . . . 

3 to 4 

1:1.1:43 

1:1.2:4.2 

1: 1.3:4 3 

1:1.0:42 

1:1.8:4.1 


, G to 7 

1 : 0 . 7 : 3.3 

1 : 0 . 8 : 3.3 

1 : 0.9 : 3.4 

1 : 1 . 1 : 3.3 

1 : 1.8 : 3.8 


; 8 to 10 

1:0 4:2.2 

1:24:22 

1:0.5:2 2 

1:0.G:2.2 

1:0.0:22 


ti to 1 

1:1 8:3.7 

I:20:3.G 

1:2.3: 3.5 

1:2.0: 3.3 

1:3.0: 2.9 

9^ to 1 in . 

.3 to 4 

1:1.1:32 

1:1 6:3.1 

1:1 9:2.9 

1 • 'a ■ *.» 0 

1:2.5:2.0 


G to 7 

1 : 1 . 0 : 2.5 

1 : 1.2 : 2.0 

1 : 1.3 : 2.4 

1 : 1 . 6 : 2.3 

1 : 1 . 8 : 8.8 


8 to 10, 

1:0 0:1.0 

1:07:1.0 

1:0.8:1.G 

1: 0.9:1 0 

1: 1.0:1 5 


>■? to I 

1:1.7:4.1 

1:1.9:4.1 

]:2.2:4.0 

1:2.5: 3,9 

1:29:3.6 

H to in 

3 to 4 

1:1 5:3.0 

1:1 G:.3.0 

1:1.8: 3.5 

1:2.1:3.4 

1:2.3: 3.2 


G to 7 

1 : 1.0 : 2.9 

1 : 1.2 : 2.8 

1 : 1.3 : 2.8 

1 : 1 . 6 : 2.7 

1 : 1 . 8 : 8.6 


8 to 10 

I:0.G:1.0 

1:0 0:1.9 

1:0.8:1.8 

1:0.0: 1.8 

1:1.0:1.8 

1 

M to 1 

1:1.7:4.7 

1:1.8:4.7 

1:2.1:4.7 

1:2.4;4.0 

1;2.7:4.4 

to 2 in 

3 to 4 

1:1.4:4.1 

1:1.5:4.1 

1:1.7:4.1 

1:2.0: 4.0 

1:2.3:3.9 

1 

! 

6 to 7 

1 : 1 . 0 : 3.2 

1 : 1 . 1 : 3.2 

1 : 1 . 8 : 3.2 

1 : 1 . 4 : 3 .a 

1 : 1.6 : S.l 


8 to 10 

1:0.5:2.1 

1:0.0:2.1 

1:0.7: 2.2 

1:0.8: 2.2 

1:0.9:2.1 


>4 to 1 

1:2.0: 3.8 

1:2 3:3.8 

1:2.6:3.7 

1:30:3.6 

1:3.4: 3.3 

94 to IM in 

3 to 4 

1:1 7:3.3 

1:20:3.3 

1:2.2:3.2 

1:2.5: 3.2 

1:2.9: 2.0 


G to 7 

1 ; 1 . 2 : 2.6 

1 ; 1 . 4 : 3.6 

1 : 1 . 6 : 3.6 

1 : 1 . 9 : 2.6 

1 : 8 . 1 : 8.3 


8 to 10 

1:0.7:1.7 

1:0.8: 1 7 

1:0.9:1.7 

1:1.1:1.7 

1:1.2:1.6 


H to 1 

1:2.0: 4.4 

1;2.2:4.4 

1:2.5:4.3 

1:2.9:4.3 

1:3.3:4.1 

94 to 2 in 

3 to 4 

1:1.7:3.8 

1:1.9:3 8 

1:2.1:3.8 

1:2.5: 3.7 

1:2.8: 3.6 


6 to 7 

1 : 1 . 2 : 3.0 

1 : 1 . 4 : 3.0 

1 : 1 . 8 : 8.0 

1 : 1 . 8 : 8.0 

1 : 8 . 0 : 8.8 


8 to 10 

1:0.7:2.0 

1:0.8:2.0 

1:0.0:2.0 

1:1.0: 2.0 

1:1.2:2.0 


H to 1 

1:2.0: 5.0 

1:2.2: 5.0 

1:2.5:5.0 

1 : 2 . 7 : 5.0 

1:3.2:4.7 

94 to 3 in 

3 to 4 

1:1.7:4.3 

1:1.0:4.3 

1:2.1:4.3 

1:2.4:4.3 

1:2.7:4.1 


6 to 7 

1 : 1 . 2 : 8 .S 

1 : 1 . 4 : 8.4 

1 : 1 . 5 : 8.4 

1 : 1 . 8 : 8.4 

1 : 8.0 : S .8 


8 to 10 

1:0.7:2.2 

1:0.8:2.2 

1:0.9: 2.2 

1:1.0:2.3 

1 : 1 . 2 : 8.8 
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Table IV. — Proportions for 3,000 Ld. per Sq. In. Concrete — (Contimied) 

Proportions are expressed by volume as follows: Portland Cement: Fine Aggregate: Coarse 
Aggregate. 

Thus 1 :2.G:4.G indicates 1 part by volume of Portlaml Cement, 2.G parts by volume of fine aggregate 
and 4.G parts by volume of coarse nggreg.ate. 


Size of coarse 
aggregate 


None. 


No. 4 to in . . . . 


No. 4 to I in .... 


No. 4 to l}'i in . 


No. 4 to 2 in 


H to 1 in .... 


to in 


to 2 in . 


^ to 1J4 in. 


^ to 2 in . 


H to 3 in. 


Sluinpp 

in. 

0-No. 28 

Size of fine aggi 

0-No. It; 0- No. S 

f ' to 1 

1:1.5 

1:1.7 

1:20 

1 3 to 4 

1:1.2 

1:1.4 

1:1.7 

0 to 7 

1 : 0.9 

1 : 1.0 

1 : 1.2 

[is to 10 

t 1:0.5 

1:0.6 

1:0.7 

f to 1 

1:1 3:2.7 

1:1. 5: 2.0 

1: 1.7: 2.5 

1 3 to 4 

1:1.0:2 3 

1:1.2:2.2 

1:1.4:2.2 

0 to 7 

1 : 0 . 7 : 1.7 

1 : 0 . 8 : 1.7 

1 1 : 0 . 9 . 1.7 

[ S to lOi 1:0.3: 1.0 

1:0.4: 1.0 

1:0.5:1.0 

{ ' >1 to 1 

1:1.2:3.1 

1:1.3:3.1 

1:1.5: 3.0 

1 3 to 4 

1:0 9:2.7 

1:1.1: 2.0 

1: 1.2:2 0 

I 0 to 7 

1 : 0 . 6 : 2.0 

1 : 0.7 : 2.0 

1 : 0.8 : 2.0 

[ 8 to 10 

1:03:1.2 

1:03:1.2 

l:0.l:1.2 

f Vi to 1 

I:l.l:3.0 

1:1.2:.3.5 

11. 5: 3.5 

1 3 to 4 

1:0.9: 3.0 

1:1 0:29 

1:1 2:2.9 

6 to 7 

1 :0.6 :a.a 

1 : 0 . 7 : 2.2 

1 : 0.8 : 2.2 

[ 8 to 10 

1:0.3:1.4 

1:0.3: 1.3 

1:0.1:! 1 

f ' hi to 1 

1:1.0:4.1 

1:1.]:4.1 

l:1.2:t.l 

1 1 3 to i 

1:0 8:3.4 

1:09:34 

1:1. 0:3.5 

0 to 7 

1 : 0 . 6 : 2.6 

1 : 0 . 6 : 2.6 

1 : 0.6 : 2.7 

[ 8 to 10 

1:0.2:1.0 

1:0.3: 1.0 

1:0.3: 1.7 

1 

^ hi to 1 

1:1.4:3.1 

1:1.5:3 0 

1:1. 8:2.0 

3 to 4 

1:1.1:2.0 

1:1 3:2.0 

1:1. 5: 2.5 

1 0 (o 7 

1 : 0.8 : 2.0 

1 : 0 . 8 : 2.0 

1 : 1.0 : 1.9 

1 8 to 10 

1:0.1:1.2 

1:04:1.2 

i 1:0 5:1.2 

1 

' to 1 

l:l.t;3..'i 

1:1..5;3.4 

1:1. 7:3 t 

3 to 1 

1:1 1:3.0 

l:l.2:2.9 

1:1.4:29 

1 0 to 7 

1 :0.6 :2.a 

1 :0.8 :2.a 

1 :1.0 :2.2 

I 8 to 10 

1:0.4: 1.4 

1:0.4: 1.4 

1:0.5: 1.4 

hi to 1 

1:1.3:4.0 

1:1.4:4.0 

1:1.0: 1.0 

3 to 4 

1:1.0:3,4 

1:1. 2: 3.4 

1:1. 3: 3.3 

0 to 7 

1 : 0 . 7 : 2.6 

1 :0.8 :a.6 

1 : 0.9 : 2.6 

8 to 10 

1:0.4:1.0 

1:0.4:1.0 

1:0.5:1.0 

H to 1 

1:1.6:3.2 

1:1.8:. 3.2 

1:2.1:3.2 

3 to 4 

1:1.3:2.7 

1:1.5:2.7 

1:1. 7:2.7 

6 to 7 

1 :0.9 :a.O 

1 :1.0 :a.l 

1 :1.2 ;2.0 

8 to 10 

1:0.5;1.2 

1:0.5: 1.3 

1:0.6:1.3 

H to 1 

1 : 1 . 6 : 3.7 

1:1.8;3.7 

1:2.0:3.7 

3 to 4 

1 : 1 . 3 : 3.1 

1:1.5:3.1 

1:1.0:3.1 

6 to 7 

1 :0.9 :a.4 

1 :1.1 :a.4 

1 : 1 . 1 : 2.4 

8 to 10 

1 : 0 . 5 : 1.5 

1:0.5;1.5 

1:0.6:1.5 

H to 1 

1 : 1 . 6 ; 4.2 

1:1.8:4.2 

1 : 2 . 0 : 4.2 

3 to 4 

1 : 1 . 3 : 3.5 

1 : 1 . 5 : 3.6 

1 : 1 . 6 : 3.6 

0 to 7 

1 :0.9 :9.6 

1 :1.0 :a.6 

1 :1.1 :2.6 

8 to 10 

1 : 0 . 5 : 1.0 

1 : 0 . 5 : 1.6 

1:0.6:1.7 


0-No. 4 in. 


1:2.3 

1:1.9 

1 : 1.4 

1 : 0.8 

1: 1.0:2. 1 
1:1 0.2.0 
1 :1.1 :1.6 
1:0..3:1 0 

1:1 8:20 
1:1.1: 2.."i 

1 : 0.9 : 1.9 

1 1.2 

l:1.7:3.t 
1:1 1:2 9 
1 : 0.9 : 2.2 
1 : 0 ..-): 1.1 

I 1:1.1:41 
: 1:1.1:34 
1 : 0.7 : 2.6 
l:0.1:1.7 

1:2 1:2.8 
1:1.7:24 
1 : 1 . 1 : 1.9 
1:0G:1.2 

1:2 0:3.3 
1 : 1 . 0:2 8 
1 :1.1 :2.1 
1:0.0: 1.3 

1:1.9: 3.9 
l:l..n:3.3 

1 : 1.0 : 2.6 

1:0.5:1.0 

l:2.t:3.1 
1:2 0 : 2.6 

1 : 1.4 : 2.0 

1:0.7: 1.3 

1:2.4: 3.6 
1:1.9:3.1 

1 : 1.3 :a .4 

1:0.7:1.5 

1:2.3:4.1 

1:1.9:3.0 

1 :1.8 :a .6 

1 : 0 . 7 ; 1.7 


1:2.7 

1:23 

1 : 1.6 

1:0.9 

1:2.3:2.1 ' 
1:1.9:1 8 
1 : 1.3 . 1.4 
1:0.0:0 9 

1:2.1: 2.7 
1:1.7: 2 3 
1 : 1 . 1 : 1.8 
1 : 0 . 0 : 1.2 

1:2.0: 3.2 
1:1.0: 2.7 
1 :1.1 :a.l 
l:0.fi:1.3 

1:1.0:4.0 
1:1 3:3.4 
1 : 0.9 . 2.6 
1:0.4:1.7 

1:2.4: 2 0 
1 : 2 . 0 : 2.2 

1 ;1.3 :1.8 

1:0.7:1 1 

1:2.3: 3.1 
1:1. 9: 2.6 
1 : 1.3 : 2.0 
1:0.7: 1.3 

1:2.1 :3 8 
:1. 7:3.2 

1 :1.1 :a.O 

1:0.0: 1.6 

1:2.7; 2.9 
1:2.3: 2.5 

1 : 1 . 5 : 1.8 

1:0.8:1.2 

1:2.6:3.5 
1:2.2: 3.0 

1 :1.0 :a.8 

1 : 0 . 8 : 1.5 

1 : 2 . 6 : 4.0 
1 : 2 . 1 : 3.5 

1 :1.4 :a.6 

1 : 0 . 8 : 1.7 
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STANDARD NOTATION 


All Bymbola used in the Tentative Specifications fur Concrete and Reinforced Concrete have been 
collected hero for convenience of reference. The symbols arc in general defined in the text near the point 
where formulas occur. In a few instances the same symbol is used in two distinct senses; however, there 
is little danger of confusion from this source. 


o = spacing of web reinforcement bars measured perpendicular to their direction (sec Sec. 135); 
a width of face of column or pedestal; * 

a » angle between inclined web bars and longitudinal bars; 

A M total net area of column, footing, or pedestal, exclusive of fireproofing; 

A' loaded area of pedestal, pier or footing; 

Ab A{1 — p) => net area of concrete core of column; 

A*e — net area of concrete in columns (total column area minus steel area); 

Ag = effective cross-sectional area of metal reinforcement in tension in beams or compre.SBion in 
columns; and the effective cross-sectional area of metal reinforcement which crosses any of 
the principal design sections of a flat slab and which meets the rcquircmtints of Sec. 156; 
Am =3 total area of web reinforcement in tension witliin a distance of a (ai, 02, ai, etc.) or the total 
area of all bars bent up in any one plane; 
h = width of rectangular beam or width of flange of T-beam; 

1/ *= width of stem of T-bcnm; 

61 » dimension of the dropped panel of a flat slab in the direction parallel to 
c — base diameter of the largest right circular cone which lies entirely within the column (including 
the capital) whose vertex angle is 90 deg. and whose base is IH ii** below the bottom of the 
slab or the bottom of the dropped panel (see Fig. 14); 
c = projection of footing from face of column; 

C total compressive stress in concrete; 

C' =» total compressive stress in reinforcement; 

d — depth from compression surface of beam or slab to center of longitudinal tension reinforce- 
ment; 

d' «= depth from compression surface of beam or slab to center of coinpn‘.sHiou reinforcement; 
Eg » modulus of elasticity of concrete in compression; 

Eg - modulus of elasticity of steel in tension = 30,000, 900 lb. per sq. in.; 
fg ■= compressive unit stress in extreme fiber of concrete; 

f*g «= ultimate compressive strength of concrete at age of 28 days, basctl on tests of C by 12-in. or 8 
by 16-in. cylinders made and tested in accordance with the Standard Methods of Making 
and Storing Specimens of Concrete in the Field and the Tentative Methods of Making 
Cyompression Te.sts of Concrete. 
fr =* compressive unit stress in metal core; 
ft = tensile unit stress in longitudinal reinforcement; 

= eompressive unit stress in longitudinal reinforcement; 

/* a tensile unit stress in web reinforcement; 
h s unsupported length of column; 

I = moment of inertia of a section about the neutral axis for bending; 
i = ratio of lever arm of resisting couple to depth d; 
jd s» d—z ■= arm of resisting couple; 
k B ratio of depth of neutral axis to depth d; 

I = span length of beam or slab (generally distanec from center to center of supports; for special 
cases, see See. 108 and 148); 

I = span length of flat slab, center to center of columns, in the rectangular direction in which 
moments are considered 

h = span length of flsrt slab, center to center of columns, perpendicular to the rectangular direction 
in which moments are considered;! 

M >■ bending moment or moment of resistance in general; 

Mi = sum of positive and negative bending moments in either rectangular direction, at the principol 
<lcsign sections of a panel of a flat slab; 


n ■■ w* » ratio of modulus of elasticity of steel to that of concrete; 

Ag 

o = perimeter of bar; 

>= sum of perimeters of bars in one sot; 


1 In flat slab design, the column strip and the middle strip to be used when considering momente 
in the direction of the dimension I are located and dimensioned as shown in Fig. 15. The dimension li 
does not always represent the short length of the panel. When moments in the direction of the shorter 
panel length are considered, the dimensions Z and Zi are to be interchanged and stripe correBponding to 
those shown in Fig. 15 but extending in the direction of the shorter panel length are to be opiu^ered* 
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p « ratio of effective area of tension reinforcement to effective area of concrete in beams ■» 

At 

; and the ratio of effective area of longitudinal reinforcement to the area of the con- 
crete core in columns; 

j/ =* ratio of effective area of compression reinforcement to effective area of concrete in beams; 

P - total safe axial load on column whose is less than 40; 


P' » total safe axial load on long column; 

r « ratio of cross-sectional area of negative reinforcement which crosses entirely over the column 
capital of a flat slab or over the dropped panel, to the total cross-sectional area of the 
negative reinforcement in the two column strips; 
ro * permissible working stress in concrete over the loaded area of a pedestal, pier or footing; 

R - ratio of positive or negative moment in two column strips or one middle strip of a flat slab, to 
M9] 

R = least radius of gyration of a section; 

8 = spacing web members, measured at the neutral axis and in the direction of the longitudinal 
axis of the beam; 
t = thickness of flange of T-beam; 

U = thickness of flat slab without dropped panels or thickness of a dropped panel (sec Fig. 14;; 
U - thickness of flat slab with dropped panels at points away from the dropped panel (see Fig. 14); 
T = total tensile stress in longitudinal reinforcement; 
u » bond stress per unit of area of surface of bar; 

V = shearing unit stress; 

V =* total shear; 

F' « external shear on any section after deducting that carried by the eonerele; 
w = uniformly distributed load per unit of length of beam or slab; 
w = upward reaction per unit of area of base of footing; 
w = uniformly distributed dead and live load per unit of area of a floor or roof; 

IF *= total dead and live load uiiiforndy distributed over a single panel area; 
z = depth from rompression .surface of beam or slab to resultant of eoinpressive strosses. 
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Fio. 3. — Nomonclatiire for reinforced concrete T-beam. 
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Fig. 4. — Typical reinforced concrete beam; principal longitudinal bars not anchored. 



Fig. I ). — Typical reinforced concrete beam; principal longitudinal bars anchored. 



Fig. 6. — Typical reinforced concrete beam; web reinforced by means fif series of vertical 
stirrup.s or series of inclined bars or stirrup.i. 



Fio. 7.— Typical reinforced concrete beam; principal longitudinal bars bent up in single 

plane. 
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Fiq. 8. — Typical reinforced concrcU) l>oain with anchored longitudinal bare and vertical 

stirrupd. 



Spacing a! defermined by Shear 

on Section /. 


1*^0. 9. — Typical Ijcam with web reinforced by means of series of inclined bars. 
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/Ihis Bend at or must not exceed 

f mide td^ef Support 0. 02 fc on this Section. 

§mm — * 

less \fhan 20 ^ 


Section of Inclined Bars 
^ Deiermined by Maximurn 

Shear at Edge of Support: 

Fig. 10. — Typica,! beiim with web reinforced by means of bars bent up in single piano. 


r-Points of In flee Hon 


TriiiTTT" 


--r-n^Ti-r 
* ■ I ' • ' 

y I I I I 
a.a.4.1jLlJ.L 


'Assumed Tension in Bof tom i 
. Barat these Points equals ^ 

j of Tension at Section of 
\ Maximum Moment, 

^*"^**-This Length determined by Anchorage 
in Bond or by Mechanical Anchorage . 

Fig. 11. — Typical web reinforcement for continuous beams. 
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Fkj. ]'l.--'ryi)io:il ccihinm capitiil and sections of flat slab with flroi)i>od panel. 


y- Sections of CriHcaf 
t Negative Moment---.^ 


1 

E - k .->)< 

i 




2 

5 '’ 


I C yii^^ptions of Critical | 


h 

4- 


I 


■E 


Positive Moment^ | 






I 


The Span Lengths I and 
are interchangeable 
according to the Direction 
of the Moment under 
Consideration 


.A 


/ * 

I *u r_4_^ 

|< — • — — 7/ *• — — — >j 

Fia. 15 . — Principal design sections of a flat slab. 
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(a) (a) 

Plan. Plan. 




(b) 

Elevation. 


Fig. 10. — TyirinnI sloiieil rfinforcod concrcto Fio. 17. — Tyiucul slopeil rciiiforned ooucreto 
footing on pilos. footing on soil. 



Fig. 18. — Typical sloped or stepped footing. 
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STRENGTH OF STONE MASONRY 

With most ptonoH roniiiionly usi'd in tmihlinK construction, the strcngtli of the stone itself is far 
KrratcT than any tlistribnird loiiil that will be imposed upon it. Any liniitatioiiH of strength are there- 
fore imposed either (1) througli faulty and uneven bedding, or (2) through the lower strength of mortar 
in which the stones arc set. 

Such cases of failure of stone ma.soiiry as art* on record indicate tliat failure was by tension of flexure, 
induced by squerxing out of mortar from joints, rather than in compression. No expcriinental data has 
been obtaine<l except on relalively small brick piers, but these teats indicate that the mortar was in each 
ease the weak clement of the combination; and that an increase of 50 per cent in the strength of the brick 
produced no increase of strength in the structure, while substitution of cement for lime mortar increased 
the strengt h 70 per cent. 

Allowable PreiOivres on Stone Masonrij-—^ The following data on foundation pressures on masonry arc 
cited in Baker’s Treatise on Masonry Construction: 

“Early builders used much more massive masonry, proportional to the load to be carried, than is 
custoinnry at iirescnt. Experience and experiments have shown that such great strength is unneces- 
sary. The load on the monolithic piers supporting the large churches in Europe dofss not usually oxcceil 
30 tons per aq ft. (420 lb. per sq. in.), or about one-thirtietli of the ultimate strength of the stone alone, 
although the columns of the Churcli of All Saints at Angers, France, arc said to sustain 13 tons per sq. ft. 
(000 lb. per sq. in.). The stone-arch bridge of 140-ft. span at Pont-y-Pyrdd, over the Taff, in 
Wales, erected in 1750, is supposed to have a pre.ssurc of 72 tons persq. ft. (1,000 lb. persq. in.) on hard 
limestone rubble masonry laid in lime mortar. The granite piers of the Sultash Bridge sustain a pres- 
sure of 9 tons per aq. ft. (125 lb. per sq. in.). 

“The maximum pressure on the granite masonry of the towers of tlio Brooklyn Bridge » about 28>i 
tons per sq. ft. (about 400 lb. per sq. in.). The maximum pressure on the limestone masonry of this 
bridge is about 10 tons per sq. ft. (125 lb. per sq. in.). The face stones ranged in cubical contents from 

t I A. R ..J . 11 1 £ ll - 4,^ t. . .1.* ] . I i V I 
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(415 lb. per sq. in.) without any signs of weakness. 

“In the Washington Monument, Washington, D. C., the normal pressure on the lower joint of the 
walls of the shaft is 20.2 tons per sq. ft. (280 lb. per sq. in.), and the maximum pressure brought upon 
any joint under the action of the wind is 25.4 tons per sq. ft. (350 lb. per sq. in.). 

“The pressure on the limestone piers of the St. Louis Bridge was, before completion, 38 tons per sq. 
ft. (527 lb. per sq. in.); and after completion the pressure W'as 19 tons per sq. ft. (273 lb. per sq. in.) on 
the piers and 15 tons per sq. ft. (198 lb. per sq. in.) on the abutments. 

“The limestone masonry in the towers of the Niagara Suspciision Bridge failed under 30 tons per sq. 
ft., and were taken down, — however, the masonry was not well executed. 

“At the South Street 3ridgo, Philadelphia, the pressure on the limestone rubble masonry in the 
pneumatic piles is 15.7 tons per sq. ft. (220 lb. per sq. in.) at the bottom and 12 tons per sq. ft. at the 
top. The maximum pressure on the rubble masonry (laid in cement mortar) of some of the largo 
masonry dams is from 11 to 14 tons per aq. ft. (154 to 195 lb. per sq. in.). The Quaker Bridge dam was 
designed for a maximum pressure of 16^^ tons per sq. ft. (230 lb. per sq. in.) on massive rubble masonry 
in best hydraulic cement mortar. 

“In the light of the preoeding examples, it may be assumed that the safe load for tho different classes 
of masonry is about as follows, provided each i$ the beet of its claee: 


Net Tons pkb Sq. Ft. Lb. pbb Sq. In. 

Rubble 10 to 16 140 to 200 

Squared-stone , 15 to 20 200 to 280 

Limestone ashlar 20 to 25 280 to 350 

Granite ashlar 25 to 30 860 to 400 

Concrete 30 to 40 400 to 660 
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AHowahle Pressures Under Building Codes . — Uiulding cimU'h of varioiiu citit's in the United States vary 
widely in regard to pressures allowed on stone masunry. A tabulation of limits and averages permitted 
by the oodes of six cities is as follows: 


Kind of stone 


Pressures (tons per sq. ft.) 



High 

1 Low 

1 Average 

Granite — cut 


13 

57.5 

Marble and limestone — cut 

50 

20 

3K.5 

Hard sandstone — cut 

liO 

12 

21.0 


Mr. Thomas Nolan, in Kidder’s Pocket Book, gives the following as allowable loads for different 
kinds of stonework, and states that “in determining the safe cornpfesMve resistanec of masonry from 
tests on the ultimate compressive strength of the same kind, a factor of safety of at least 10 should 
be allowed for piers and 20 for arclies.” 

Tons i'KH 
iSquakf. Foot 


Rubble walls, irregular stones ii 

Hubble walls, coursed, soft stone 2Vi 

Rubble walls, coursed, hard stone r> lo 10 

Dimeiisi oil-stone, squared, in cement mortar 

Sandstone and limestone ... 10 to 20 

Granite 20 to 40 

Dressed stone, with ^»i-in. dressi’d joints, in Portia nd-eement mortar: 

Granite 00 

Marble or limestone, best *10 

Sandstone 30 
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Al)erthaw Construction Co., t'35, 50, SO, 
84 

Abrams-IIardcr colormetric test, 4, 726 
Abutments and piers, for arches, 510-520 
for bridges, see under Girder bridges. 
Slab bridges. 

Accelerators for concrete floors, 145 
Acid washes for concrete surfaces, 1 85 
Admixtures for concrete, 12 
Aggregates, 3-12 
colored, 140 

concrete-making value of sand, 9 
density, porosity, and permeability, 11 
granular anal^'sis, 5 -S 
improvement of (piality, 8 
laboratory methods of selecting, 30-33 
organic impurities, 4 
pit nm materials, 8 
sand, characteristics, 9 
selection of best available, 8 
silt, 4 

specific gravity, 4 
test for unit weight, 728 
tests, 4-8 

as basis for proportioning concrete, 
20-25 

types and characteristics, 3 
visual inspection, 4 
voids and weight per cubic foot, 4 
Akmc flat slab system of design, 161 
system of flat slab construction, 267 
typical calculations, 291 
Alkali soils, concrete construction in, 46- 
52 

constituents and distribution of solu- 
ble salts, 45 

effect of alkali solutions on concrete, 47 
prevention of deterioration of con- 
crete, 61 

theory of disintegration by salt solu- 
tions, 48 

Allen, L. H., on Estimating quantities. 
720-723 

on Estimating unit costs, 712-720 


American Chimney Corporation, 606, 607 
American CV)ii(;rete Institute ruling for 
flat slab construction, 293 
Analysis of arclies, 452-485 
deflections a ii d displacements in 
frames, 455 

displacements and deflections in beams 
and ribs, 462 

elastic equations for rib arches, 464 
intluenco lines for rib arches, 468 
ellipse of elasticity, 497 
fundamental theorems for internal 
work, 452 

graphi(;al solution for redundant 
intluenco diagrams, 471 
laws of internal work in structural 
frames, 452 

stresses due to rib shortening or axial 
thrust, 475 

uniform temperature changes, 472 
variable temperature change, 474 
symmetrical arch ribs, 476 
reinforced concrete arch spans, 477 
unsymmetrical reinforced concrete 
arch spans, 484 

work expressions for solid web beams 
and cantilevers, 458 
Anti-freeze mixtures for concrete, 44 
Arch culverts, 588 
rings, formulas for, 443 
Arched nmf construction, 318 
Arches, 433-529 
abutments and piers, 516-520 
analysis, 452 -485 

bridges, reinforced concrete, .521-523 
classification, 434 
crown thickness, 445 
definitions of terms used, 433 
depth of filling over arch cover. 444 
ellipse of elasticity, 497-515 
formulas for arch rings, 443 
internal temperature range, 450 
intradosal curves, 443 
linear, 436 

loadings on arch bridges, 446 
masonry, construction of, 524-529 
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Arches, multiple span, on elastic piers, 
486-496 

three span, on elastic piers, 49,3 
two span, with elastic center pier, 480 
Asphalt coating; for roofs, 170 
floors, 169 

roofing, built-np, 170 
B 

Babcock and Wilcox Company, 594, 595 
Bar supports and spacers, 234 
Barniws for carrying concrete, 33 
Barton spider web system of flat slab 
construction, 272 
Basement walls, 200-203 
adjacent to a railroad track, 202 
sup]X)rted by columns, 201 
top and bottom, 200 
two way reinforced, 202 
Ik^ain and slab construction of floors 
and roofs, 232-264 

Bending and placing concrete reinforce- 
ment, 127-131 
assembling, 130 

chocking, assorting, and storing, 128 
method of bending, 129 
ordering, 127 
placing, 131 
shipping, 128 
spacers, 130 
supports and ties, 130 
testing, 129 
types of benders, 129 
IBerloy floor cores, 122 
Binders for water proofing concrete, 153 
Bins, forms for, 91-97 
Blaw forms, 123 

Bonding set and new concrete, 40 
Boom plant for transporting concrete, 35 
Box culverts, 582-587 
forms for, 103 
Brackets, column, 230 
Braender Tire and Rubber Company 
chimney, 627 
Brick chimneys, 603-632 
allowable unit stresses, 605 
bases, 612 
batter of walls, 606 
Braender Tire and Rubber Co. chim- 
ney, 627 

construction, 624 
design formulas, 608 


Brick chimneys, diagrams and tables as 
aids to design 618 
foundation design formulas, 615 
foundations not reinforced, 615 
length of sections, 606 
mortar, 604 
octagonal shafts, 611 
perforated radial brick, design of, 628 
procedure in design, 617 
quality of brick, 604 
reinforcing rings, 608 
round shafts, 608 
Tacoma Smelting Co. stack, 625 
thickness of walls, 606 
top cap, 608 
Brick flooi-s, 169 
partitions, 173 
walls, 171 

Bridges, girder, 407-432 
loadings, 446 

Bridges, reinforced concrete arc,Ii, 521- 
523 

drainage of back filling, 522 
expansion joints, 522 
reinforcement, 521 
spandrel walls, 522 
waterproofing, 523 
Bridges, slab, 397-407 

and girder, forms for, 104 
Brushing concrete surfaces, 133 
Buildings, reinforced concrete, 160-361 
Bushing concrete surfaces, 138 


Cantilever bridges, 428 
fiat slab floors, 271 
type of retaining wall, 389 
Cars for carrying concrete, 34 
Carts for carrying concrete, 34 
Casting concrete under water, 40 
Cement, 2 
floors, 169 

Centering for masonry arches, 525 
Channels, forms for, 103 
Chemical hardeners for concrete floors, 
145 

Chenoweth, A. C., 114 
Chimneys, 591-679 
architectural treatment, 603 
baffle plates, 602 
blast furnace gas, 598 
breech opening, 601 
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Chimneys, brick, 603-632 
clean-out doors, 602 
correction of sizes for altitude, 595 
design, general considerations, 598-603 
diameter, formulas for, 593 
draft and size, 591-598 
earthquake shocks, effect of, 599 
height, formulas for, 593 
ladder, 602 

lightning conductor, 602 

lining, 600 

oil fuel, 597 

pulley and cable, 602 

reinforced concrete, 633-679 

wind pressure, 598 

Chuckrow, C. M., on Estimating unit 
costs, 712-720 

Cinder concrete fills for drainage of flat 
roofs, 337 

fill insulator, for flat roofs, 336 
Clay tile insulation for concrete roofs, 334 
partitions, 174 
roofing, 171 

Clifford, W. W., on Concrete detailing, 
680-711 

Coating compounds for concrete, 12 
Ck)chrane, V. II., 443 
Cofferdams, 198 
Cold weather concreting, 41-15 
anti-freeze mixtures, 44 
enclosure and heating forms, 43 
frozen concrete, 44 
heating aggregate and water, 42 
protection against frost, 44 
Colored aggregates in concrete surfaces. 
140 

concrete floors, 146 
Coloring concrete surfaces, 141 
Column footings, plain concrete, 185 
Columns, concrete, 203-232 
bending in, 228 
brackets, 230 
cast-iron cores, 223 
design, 203 
details, 221 
Emperger typo, 223 
footing and column connection, 221 
forms for, 79 
lap of column bars, 221 
long, 228 

plain, or piers, 205 

rodd^, details, 223 

spirals, fabrication and pitch, 222 


(blumns, structural steel, encased, 224 
supporting craneway brackets. 229 
types, 203 

vertical bars, number of, 222 
vertically and spirally reinforced, 210- 
221 

reinforced, or tied, 205 
Concrete buildings, reinforced, 160 361 
columns, 203-232 

construction in alkali soils and sea 
water, 45 52 

costs, estimating, 712 720 
ciq^tain walls, 1 7 1 
Concrete detailing, 6S0-7I1 
ability of concrete dctailcr, 711 
arches, 704 

beam and column marks, 690 
beams, 697 
bond, 699 
connections, 698 
construction joints, 705 
conventions, 6S9 
dams, 704 

dimensions and listing, 689 
drafting procedure, 684-688 
room organiz.atiou, 683 
field assembly, 706 
flat slabs, 697 
footings, 702 
framing plans, 691 
inflection points, 698 
key plans, 690 
listing bands, 692 
loop rods, 699 
outlines, 6S0 
pits and tunnels, 702 
reinforcement cover, 705 
details of the architect, 682 
of the engineer, 683 
retaining walls, 703 
rod sizes, 706 
rod spacing, 691, 697, 699 
splices, 705 
scale of drawings, 688 
schedules, 707 
sections, 697 
shop bending, 706 
slabs and walls, 692 
spacers, 694 

in miscellaneous structures, 705 
specifications and notes, 691 
spirals and hoops, 700 
splices, 700 



778 


INDEX 


Concrete detailing, stairs, 704 
stirrups, 698 
surface plans, 692 
turbine foundations, 703 
Concrete, forms for, 53-126 
partitions, 173 

preparation and placing, 1-52 
spccitications of Joint Committee for, 
732-765 

Concrete Steel Co. of New York, 272 
Concrete Steel Products Company, 271 
Concrete surfaces for roofs, 170 
finishing and water-proofing, 147 
transporting and placing, 33-45 
Condron Company, 267 
Conductor heads for roof drainage, 338, 
339 

Conduits and sowers, 589 
forms for, 109-119 
Consistency of concrete, 14-17 
flow table, 16 

importance and effect on quality, 14 
measurement of, 15 
slump test, 15 

Construction of concrete in alkali soils 
and sea water, 45-52 
of masonry arches, 524-529 
Conzelman, J. E., 231 
Cork tile insulation for coiK^rete roofs, 
335 

Corr-plate floor, 274 
Corrugated Bar Company, 289 
Costs of concrete construction, 712-720 
Counterforted type of retaining w^all, 
392 

Cowin, J., on Bending and placing con- 
crete reinforcement, 127-131 
on Finishing concrete surfaces, 132-146 
on Transporting and placing concrete, 
33-45 

Creager, W. P., on Masonry dams, 530- 
569 

Crown thickness of an arch, 445 
Culverts, 579-588 
arch, 588 
box, 582-587 
circular, cast in place, 581 
direction through embankment, 580 
downstream end, 580 
loading, 582 
pipe, 580 

upstream end, 580 
waterway required, 580 


Curing concrete, 26 
Curved walls, forms for, 91-97 
Custodis (Alphons) Chimney Construc- 
tion Co., 625 

D 

Dams, concrete, forms for, 100 
masonry, 530-569 
Deflections in frames of arches, 455 
Depositing concrete in forms, 39 
Design of forms for concrete, 54-70 
preparation of drawings, 55 
tables and diagrams, 59-70 
Design of reinforced concrete buildings, 
160-177 

Akine flat slab system, 161 
doors, 175 

economic considerations, 162 
fire j)rotection, 177 
floor loads, 166, 168 
floor openings, 175 
surfaces, 169 

joist type of floor construction, 162 
lighting considerations, 164-166 
mushroom system, 161 
partitions, 173 
pipe sleeves, 176 
progress in, 160 
roof loads, 167, 168 
roofings, 170 

supports for shafting, machinery, etc., 
177 

walls, 171-173 
windows, 175 

Deslauriers system of metal forms, 126 
Detailing, concrete, 680-711 
Diagrams for designing concrete forms, 
59-70 

]>omes, reinforced concrete, 331-333 
Doors in reinforced concrete buildings, 
175 

Douglass formula, for highway loadings, 
445 

Downspout, size of, for roof drainage, 338 
Draft in chimneys, 591-598 
correction of sizes for altitude, 595 
losses, 592 
size formulas, 593 
theoretical, 591 

Drainage and insulation of concrete roofs, 
333-340 

cinder concrete, 337 
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Drainage and insulation of concrete roofs, 
cinder fill insulation, 33G 
clay tile and cinder fill insulation, 337 
insulation, 334 
conductor heads, 338, 339 
cork tile insulation, 335 
downspout, size of, 338 
fiat roofs, 335 

gypsum roof tile and cinder fill insula- 
tion, 337 

tile insulation, 331 
suspend(‘d ceilhigs, 335 
Drawings for concrete forms, 55 

Vj 

l^Jlevator pits and niacliiiiory supports, 
351-^3,56 

design of machinery floors, 350 
machinery supports, 353 
reinforced concrete supports, 354 
reinforcement of pit walls, 353 
steel and concrete supports, 354 
waterproofing and drainage, 353 
liillipse of elasticity in arch analyses, 
497-515 

amdysis of fixed arch rib, 508 
of symmetrical center span, 514 
displacements by means of, 504 
effect of elastic yielding of piers, 515 
ellipse of inertia, 497 
general properties, 500 
inertial elipse for clastic loads, 500 
for load concentrations, in a plane, 
499 

method of constructing, 507 
properties of instantaneous centers for 
elastic loadings, 502 
Emperger column, 223 
Equivalent fluid pressure theory, 362 
Erection of forms for concrete, 74 
Estimating concrete costs, 712-720 
labor, 713 
materials, 712 
plant and tools, 714 
steel reinforcement, 718 
summary, 715 
surface finish, 719 
temporary form work, 716 
unit costs, 712-720 

Estimating quantities for concrete work, 
72(^-723 
formwork, 721 
rules lor measurement, 721 


Estimating quantities for concrete work, 
steel, 722 
surface finish, 722 
systematic procedure, 720 

Expansion and contraction in reinforced 
concrete buildings, 358-361 

F 

Fabric used in water-proofing concrcite, 
153 

Field inspeefion of concrete, 27 29 
control at the mixer, 27 
molding and storing of speeimens, 27- 
29 

Finishing concrete surhices, 132-146 
acid washes, 135 
addition of colors, 141 
brushing, 133 
bushing, 138 
colored aggn^gates, 140 
floors, 146 
phistcr finishes, 141 
rubbing, 137 
sand blasting, 139 
surfacing floors, 141 
tooling, 138 
washing, 133 

Flat roofs, drainage and insulation, 335 
slab construction for floors and roofs, 
264-318 

Floors and roofs, beam and slab, 232-264 
arrangement and bending of slab steel, 
236 

bar supports and spacers, 234 
marking of bent rods, 237 
practical consideration, 232 
screeds for floor slabs, 237 
solid slab design, 264 
T-beam design, 245-264 
T-beams continuous at both supports, 
238 

three continuous spans, 239-245 

Floors and roof^ flat slab construction, 
264-318 ^ 

adaptability, 266 

advantages of flat slab construction, 
265 

Akrac system, 267, 291 
American Concrete Institute ruling, 
293 

Barton spider web system, 272 
brackets on columns, 282 
cantilever S3rstem, 271 
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Floors and roofs, flat slab construction, cap 
construction, example of design, 298 
codes, 278 
column design, 278 
comparison of rules and codes, 2S2 
Corr-plate floor, 274 
design without drop or csp, 290 
drop construction, example of design, 
295 

panel, 280 

economy of systems, 817 
exterior brick walls, flat slab on, 281 
panels, 305 

four-wtiy slab design, 293 
Morrow three-way system, 275 
mushroom system, 267 
openings, large and small, 278 
patents, 317 
rectangular panels, 282 
reinforcement, details, 280 
types of, 265 

requirements for economy, 267 
S-M-I system, 276 
simplex system, 271 
spandrel design, 307-310 
special framing, 316 
support and spacing of bars, 281 
tables for design, 288 
thickness of slab, 279, 280 
tile fillers, 279 
types of floors, 265 
unequal adjoining spans, 301 
Watson system, 274 

Floors, concrete, surfacing, 141-146 

Floors in reinforced concrete buildings, 
84-89 

loads on, 166, 168 
openings, 175 
surfaces, 169 

Flow table to test consistency of concrete, 
16 

Flowability of concrete, 14 -17 

Footings, concrete, cantilever, 192 
column, 185 
combined column, 189 
continuous, 193 

for foundations, pro[X)rtioning, 182--184 
isolated column, 1 86 
rectangular isolated, 188 
wall, 184 

Forms for concrete, 53-126 
bench work, 73 
bins and tanks, 91-97 


Forms for concrete, box culverts, 103 
bridges, slab and girder, 104 
columns, 79 

conduits and tunnels, 109-119 

cornices, 89 

dams, 100 

design of, 54 

erection of, 74 

floors, 84-89 

general conditions, 53 

job ofliC(j methods, 71 

key plan for, 57 

lumber for, 53 

inakc-up of forms, 70 

material, 53 

metal, 120 

open channels, 103 

plant design, 70 

preparation of drawings for design, 55 
pressure of wet concrete against, 54 
removal and re-use of, 75 
retaining walls, 97 
sawmill, 73 
stairways, 89 

tables and diagrams for designing, 
59-70 

wall forms, 75 

Fort Worth Power and Light Co.’s 
chimney, 671 

Foundations for reinforced concrete 
buildings, 177-200 

advantages of reinforced footings, 186 

allowable foundation loads, 180 

auger boring, 177 

bearing values of soils, 179 

cantilever footings, 192 

cofferdams, 198 

column footings, 185 

combined column footings, 189 

continuous footings, 193 

core borings, 179 

eccentric loading, 185 

investigation of site, 177 

isolated column footings, 186 

load tests on soil^ 179 

open wells, 198 

pile foundations, 195-198 

pneumatic caisson foundations, 199 

proportioning footings, 182-184 

rectangular isolated footings, 188 

relative allowable pressure on soil, 181 

rodding, 178 

test pits, 178 f 
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Foundation for reinforced cMJiierete build- 
ings, wall footings, 181 
wash borings, 179 
Four- way slab design, 29.‘i 
Framed towers, 350 

Fuller’s theory of inaxiinum density for 
proportioning concrete, 18 

(} 

Germain, E. B., 55 
Girder bridges, 397 -407 
abutments, 412 

allownble si rcsses and loads, 407 
camber in a multiple span, 424 
in a single span, 422 
cantilever lype, 42S 
cellular abutments, 12V 
continuous type, 42S 
deck girders, 414 
expansion rockers, design, 411 
floor slab design, 408 
girders, design, 418 
hanger bars, 410 
main girders, design, 410 
wall of abutments, 414 
piers, 424 

quaiitilies of concrete in abutments, 
422 

rockers and i)lates, dt'sign, 422 
shear in floor slab, 108 
slal) design, 415 
through girders, 407 
U or tied back abiitmenis, 425 
wing wall of abutments, 411 
Granular analysis of aggregates, 5-8 
Gravity retaining walls, 30 1-385 
assumed position of resultant, 379 
level fill, 364 
proportions, 361 

relation of economy to proportions of 
wall, 374 

schedule for design, 380 
sloping fill, 367-374 
toe unit pressure, 376 
Gypsum tile insulation for concrete roofs, 
334 

partitions, 174 

II 

Hardeners for concrete, 12, 145 
Harding, L. A., 605 

Heine Chimney Company, 604, 627, 671 


High chairs as bar supports, 235 
Hollister, S. C., on (hilvcrts, 579 588 
on Beservoirs, 569-573 
on Stand pii)cs and small tanks, 574-579 
Hydraulic si cel craft forms, 123 
Hydraulic structures, 530 590 ^ 

conduits and sewers, 589 
culverts, 579 588 
masonry dams, 530- 569 
reservoirs, 509- 573 
standpipes and small tanks, 574-579 

I 

Insulation of concrete roofs, 333 310 
Integral centering for arch bridges, 527 
compounds, forconcrele, 12, 13 
Intradosal curves, construction of,. 143 

J 

Job office methotls, 7 1 
Joint committee*, on sp(',c,ifications for 
c,oncrote, report, 732 765 
Josam Manufacturing Company, 340 


Kardong bender for steel reinforcement. 
129 

Kellogg (M. AV.) (\>mpa.ny, 595, 601, 601, 
606, 018, 619 

Key plan for concrete forms, 57 
Kmglil, J., on J^'loors and roofs, beam 

and slal), 232 -261 / 

/ 

L 

Laboratory methods of selecting aggre- 
gates, 30-33 

calc ulal Jon of test data, 32 
strength of tlje de.sirablc gradation in 
concrete, 31 
tests of aggregates, 30 
Lang, G., 605 

Lang, P. G., Jr., on Waterproofing, 146- 
159 

Lighting, in reinforced concrete buildings, 
161-166 

Linear arches, 436 
Load tests on soils, 179 
Loadings on arch bridges, 446 
Ix)ads, allowable foundation, 180 

on floors in concrete buildings, 166, 168 
on roofs of concrete buildings, 167, 168 
Lord, A. R., 288 
Lumber for forms, 53 
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M 

McCullough, C. B., on Arches, 433-529 
McDaniel, A. B., on Forms for concrete, 
53-126 

Masonry arches, construction of, 524- 
529 

centering, 525 
integral centering, 527 
pouring concrete, 524 
steel centering frames, 528 
suspended centering, 527 
trestle centering, 525 
trussed centering, 526 
Masonry d.ains, 530 569 
arch, design of, 566-569 
causes of failure, 537 
definitions, 530 
designing rules, 537-539 
earth pressure, 535 
forces acting on, 532 
hollow, design of, 561-566 
ice pressure, 535 
nomenclature, 530 

non-overflow gravity, design of, 544- 
558 

reaction of foundation, 536 
solid gravity, design of, 530 544 
spillway gravity, design of, 558-561 
types, 530 
water pressure, 532 
weight of dam, 535 
Mastics for waterproofing c<incretc, 153 
Materials for concrete, 2-14 
admixtures, 12 
aggregates, 3-12 
cement, 2 
mixing water, 13 
waterproofings and hardeners, 12 
Metaforms, 123 
Metal f'orms Corppration, 95 
Metal forms for concrete, 120 
Meuser, W., 577 
Meyer Steelforms, 122 
Mingle, J. C., 600 
Mixing concrete, 25 
water for concrete, 13 
Molding of field test specimens of 
concrete, 27-29 
Morrow, D. W., 275 

Morrow three-way system of flat slab 
construction, 275 


Multiple span arches on elastic piers, 
486-496 

more than three span, 496 
temperature effects, 496 
two span, with elastic center pier, 486- 
493 

Mushroom system of flat slab construc- 
tion, 161, 267 


Nichols, C. S., 440, 450 
O 

Open wells, for pier foundations, 198 
Ordering reinforcing steel, 127 

P 

Parapet walls, roof, 340-343 
Partitions in reinforced concrete build- 
ings, 173 

Patents of flat slal) construction, 317 
Pier trestles, 407 
Piers, arch, 520 
for girder bridges, 424 
Pile foundations, 195-198 
concrete piles, 195 
driving piles, 195 
footing caps for, 197 
Bfife loads, 197 
wood piles, 195 
Pile trestles, concrete, 405 
Pipe culverts, 580 

sleeves in reinforced concrete buildings, 
176 

Pit run aggregates, 8 

method of proportioning concrete, 19 
Pitch and gravel roofing, 170 
Placing concrete, 26, 33-45 
reinforcement, 131 

Plaster finishes on concrete surfaces, 141 
partitions, 173 

Pneumatic caisson foundations, 199 
Polk, Genung, Polk Company, 671 
Portland cement, specifications, 724 
Preparation of concrete, 1-33 
consistency or flowability, 14-17 
field inspection, 27-29 
laboratory methods of selecting aggre- 
gates, 30-33 
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Preparation of materials, 2-14 
production for quality, problem of, 1 
proportioning, methods and theories 
of, 17-25 

quality as affected by method of prej)- 
aration, 25-27 
specifications, 29 

Preasurc of concrete against forms, 54 
Primer used in water-proofing concrete, 
153 

l’n)portioning concrete, 17-25 
arbitrary volume proportions, 17 
Fuller’s theory of maximum density, 
18 

method based on tests of aggregates, 
20-25 

pit run method, 19 
surface area theory, 18 
void method, 17 
water-cement ratio theory, 19 
Puddling concrete, 40 
Pulvcr, H. K., on C^iiinneys, 591-079 

Q 

Quality of concrete as affected by method 
of preparation, 25-27 
mixing, 25 

placing and curing, 26 
Quantities for concrete work, estimating, 
720-723 

R 

Ramps in reinforced concrete buildings, 
356 

Rankine’s theory applied to retaining 
wall design, 362 

Reichert system of metal forms, 126 
Reinforced concrete buildings, 160-361 
basement walls, 200-203 
columns, concrete, 203-232 
design, general, 160-177 
drainage and insulation of concrete 
roofs, 333-340 

elevator pits and machinery supports, 
351-356 

expansion and contraction, 358-361 
floors, beam and slab construction, 
232-264 

flat slab construction, 264-318 
foundations, 177-200 
framed towers, 350 
miscellaneous structures, 343-361 


Reinforced concrete buildings, ramps, 356 
roof parapet walls, 340-343 
roofs, beam and slab construction, 232- 
264 

flat slab construction, 264-318 
special types, 318-333 
stairs, 343-350 

Reinforced concrete chimneys, 633-679 
allowable unit stresses, 635 
bailer of walls, 634 
concrete and tile, 673 
materials, 633 
construction, 670 
design in general, 634 
of a 16()-ft. conical chimney, 673-679 
diagonal tension stresses, 661 
direct stresses due to wind and weight, 
638^ 661 

formulas for weight of shaft and wind 
moment, 637 
fluted, 671 

Fort Worth Power and Light Co’s, 
chimney, 671 

foundation design formulas, 666-669 
horizontal temperature stresses, 662 
linings, 665 

procedure in design, 669 
reinforcement, 633 
shaft design formulas, 638-665 
specifications for design, 636 
stresses due to earthquakes, 665 
thickness of walls, 634 
vertical temperature stresses, 665 
Reinforcement bars, specifications, 729 
for arch bridges, 521 
for concrete, bending and placing, 127- 
131 

Removal of forms from concrete, 41, 75 
Reservoirs, 569-573 
examples of construction, 572 
open basins, with concrete walls, 570 
with embankment walls, 569 
partition and outside walls, 571 
quality of concrete, 572 
roofs and floors of covered, 571 
Retaining wall design, 362-396 
equivalent fluid pressure theory, 362 
foundation pressures, 364 
gravity retaining walls, 364-385 
Rankine’s theory, 362 
reinforced concrete walls, design of, 
385-396 
stability, 364 
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Retaining walls, forms for, 97 
Robinson, 11. St. (J., 

Roof parapet walls, .S lO-.'l bl 
brick para])ct walls. .‘UO 
concrete j)arapets, .‘Ml, IM2 
flasliing details, !UU 
sui)port for brick or terra cotta 
facings, JM2 

Roofings for reinforced concreh* biiiM- 
ings, 170 

Roofs, beam and slab const ruction, 2.‘52 
204 

drainage and insulation, -.‘UO 
flat slab construction, 20 1- .‘IIS 
loads on, 107, JOS 
Roofs, special types, :{1S '.VS.i 

arched roof construction, )US 220 
domes, .‘121 ,‘1.22 
sawtooth, 22S 221 
truss(is, reinftn’ccd concrete, 220 22S 
Rubbing concrete surfaciis, 127 

S 

S-M-I sj'stcm of flat, slal) c.onstruction, 

270 

Sand blasting concrete surfaces, 129 
Sand, concrete-making value, 9 
in concrete, characteristics, 9 
Sands, tests for clay and silt, 727 
for impurities, 720 
Sawtooth roofs, 22S .2.21 
Schwada formula for crown thickness 
of an arch, -145 

Sea water, concrete construction in, 45- 
52 

Sewers, 589 

Shipping reinforcing steel, 128 
Shunk, F. R., 55 
Silt, 4 

Simplex system of flat slab construction, 

271 

Slab bridges, 397-407 
abutments, .399 

allowable stresses in siiperstructuro, 
297 

floor design, 397 
footing of main wall, 401 
of wing walls, 402 
impact, 397 

length and height of wing wall, 403 
loads, 397 
main wall, 400 


Slab bridges, multiple span, 405 
pile trestles, concrete, 405 
stability, 402 

superstructure, design, 398 
trestles with framed bents, 407 
wing walls, 401 

Slump test for consistency of concrete, 
15 

Smulski, hk, 270 

Soil conditions, nuithods of iiivesi igatiiig, 
177 

Soils, bearing values, 179 
load tests on, 179 
relative allowable pressure, 181 
Solid slab design for floors and rfiofs, 261 
Spading coiicn'te, 10 
Spandrel beam design, 207 -210 
Speeiflea lions for eoiun-ete, n'port of 
coinniit((‘e on, 7.2‘2 705 
Speennens of concrete, molding and slor- 
ing, 27-29 

Spirally reinforccal columns, 210 222 
SjMjuting concrete, .25 29 
Stairs, reiiifonaid concrete, 24^1-3.50 
designing loads and unit stresses, 345 
factory and warehouse, examjiles, 318 
methods of moment calculation, 345 
slab thickness and reinforcement, 246 
Standpipes and small tanks, 574 -579 
construction details, 577 
restraint at base of a standpipe, 570 
shear at base of a stand])ipe, 570 
stresses in standpipes, 574 
tanks, 577 

Steel sash partitions, 174 
Stone masonry, stnmgih of, 772 
Structural steel columns, encased in 
concrete, 224 

SumnMU’hays (Wm.) and Sons, 004 
Surface area theory of proportioning 
concrete, 18 

Surfacing concrete floors, 141 
Suspended ceilings, 325 
centering for arch bridges, 527 
Sus])ension cable system of sjx)uting 
concrete, 25 

T 

T-beam design, for floors and roofs, 24-5- 
264 

Tables for designing concrete forms, 59- 
70 
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Tacoma Smelting Company stock, (>25 
Tait, W. S., 224, 29:i 
Talbot, A. N., design of column footings, 
186 

Tamping concrete, 40 
Tanks, forms for, 91-97 
small, 577-579 

Temperature changes in masonry an;hcs, 
450 

Theorem of three moments, 801 
Three span arehes on elastic piers, 493 
'^ried concrete columns, 205 
Tile curtain walls, 173 
floors, 109 
Timber piles, 195 
'I'ime of set of concroie, 41 
Todd, W. S., on Slal) and girder bridges, 
397-407 

'^Iboling concrete surfaces, 13S 
'lowers, fraiiKjd, 350 
'IVansporting and placing coiuirelo, 33-45 
barrows, 33 

bonding set and new concrc;le, 40 
cars an carts, 34 
cold vveatlKT concreting, 41-45 
depositing in forms, 39 
depositing througli water, 40 
methods, 33-39 

pneumatic and miscellaneous methods, 
. 39 

protection against heat, 45 
remixed concrete, 41 
spading, puddling, and tamping, 40 
siwuting, 35-39 * 
time of set and removal of forms, 41 
Trestle centering for arch l^ridgi's, 525 
Trestles, concrete pile, 405 
pier, 407 

with framed bents, 407 
Tripod system of transporting conen'to, 
37 

Trussed centering for arch bridges, 526 
Trusses, reinforced concrete roof, 320- 
328 

design, details of, 326 
detailing at panel points, 326 
end connections, 326 
^ local bending, 327 
, methods of truss roof framing, 325 
proportioning and reinforcing mem- 
bers, 327 
types, 320 

. Tunnels, forms for, 109-119 


Turner, C. A. P., 267 

Turner Construction Co., 76, 83, 89, 90 

Two span arches, 486 

Tyler standard screen scale, 5 

U 

Ibiit Construction Company, 230 
Unit-Wall (Construction Co., 77 
Universal Korin Clamp (.-o., 77 

V 

Vertically reinforced concrete columns, 
205 

Vicrondoel roof Iriissos, 322 
Visiiitini roof trusses, 324 
Void method of proportioning concrete, 
17 

W 

Walker, II. B., 450 

Wall footings, reinforced and plain 
concrete, 184 
forms for concroto, 78 
Walls, basement, 200-203 
in reinforced concrete buildings, 171 
Walls, reinforced concrete, 385-396 
cantilever type, design of, 389 
coimterfortod type, 392 
proportions, 385 
toe unit pressure, 389 
Walls, retaining, 362-396 
Warren roof trusses, 320 
Washing (joncrete surfaces, 133 
Water-cement ratio theory of proportion- 
ing concrete, 19 
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Watson system of flat slab construction, 
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